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Abstract 
 
Many organic products are manufactured from syngas, and the demand for syngas and 
hydrogen is only increasing. At present, most syngas is produced via steam methane 
reforming (SMR), however, there are a number of limitations to this process. It is bulky, 
slow to start, and energy intensive. Alternate methods to complement syngas production 
are therefore desirable. Partial oxidation of methane (POX) has the potential to address 
these issues as it is quick to start, and exothermic. While this can be achieved catalytically, 
the thermal method avoids the complications of deactivation, poisoning, and the expense of 
catalysts. Since the conditions required for syngas production via POX are at or beyond the 
rich flammability limit of premixed methane, a diffusion configuration is examined. To 
ensure adequate mixing and control over the behaviour of the reaction, a multiport 
arrangement is investigated, which maintains laminar flow conditions. While laminar 
diffusion flames have been extensively studied, previous work has focused on the hot 
primary flame zone close to the burner. There has been limited investigation into the 
chemistry and flow behaviour due to the multiport arrangement of the cooler, downstream 
secondary flame zone. This downstream region is of interest as it is the output of this zone 
which produces the syngas used for subsequent processing.  
 
The system behaviour of the partial oxidation of methane over a multiport burner under 
conditions required for syngas production was investigated numerically and 
experimentally. A 2D axisymmetric CFD model was used which identified the main 
features of the flame. This led to the development of a chemical kinetics model which used 
a reactor network made up of simple models. This was successfully used to identify the 
system behaviour over a wide parameter space.  
 
Experimental measurements were performed on a commercially-available burner, with 
species and temperature extracted using a quartz microprobe with a gas chromatograph, 
and a MgO coated S-type thermocouple, respectively. These data were used to validate the 
CFD model. The results from this preliminary study demonstrated that while the CFD 
model correctly predicted the experimental trends and temperature, there was some 
discrepancy in the magnitude of species concentrations, attributed to inaccuracies in the 
simulation of the mixing zone.  
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The parameters investigated by all three methodologies were equivalence ratio and 
diluents. The same general trends were obtained from each. Concentrations of H2 and CO 
increased as equivalence ratio was reduced, and oxygen mole fraction of the oxidant was 
increased. These conditions also corresponded to an increase in acetylene, indicating that 
sooting tendency was also increased. Even at low concentrations, diluents were 
demonstrated to have a significant impact on the product distribution and hence 
conversion, yield and H2:CO ratio.  
 
The downstream region was found to change slowly in the axial direction after the reaction 
proceeded essentially to its maximum extent within a few millimetres of the burner 
surface. Horizontal profiles revealed a definite structure in both species and temperature, 
which corresponded to the port locations. This structure diffused out within a few 
millimetres of the burner surface.  
 
This study has demonstrated that the multiport diffusion flame provides a stable basis for 
thermal POX of methane. Further work should be directed towards identifying optimal 
geometries and combustion conditions, such as velocity and compositions of the fuel and 
oxidant streams. 
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Nomenclature 
 
Latin Symbols 
A – Cross-sectional (flow) area of PFR 
As,j – Surface area of thermocouple bead (m
2) 
Aout – cross sectional area of downstream CFD domain 
ai  – NASA polynomials coefficients 
   – Mean heat capacity per unit mass of gas 
    – Binary mass diffusion coefficient of species i in species j 
df  – Fuel port diameter = 1.2 mm 
E – Total energy 
Gi  – Gibbs free energy 
hj  – Convection coefficient at Tf (W/m
2∙K) 
Hi  – Enthalpy of species i 
ΔH298  – Enthalpy of reaction at 298 K 
I – Unit tensor 
 ⃗  – Diffusion flux of species i 
k – Conductivity 
ki,f – Forward reaction rate of species i 
ki,r – Reverse reaction rate of species i 
Kp  – Equilibrium constant 
Mw – Molecular weight 
  ,   – Molecular weight of N2 = 28 g/mol 
 ̇  – Mass flow rate of species i 
N – Total number of species 
Nuj – Nusselt number 
 ̇  – molar flow rate of species i 
 
   
    
 
 
 – oxygen:fuel ratio of stoichiometric methane combustion = 2 
P  – Pressure 
Pi  – Partial pressure of species i 
Prj – Prandtl number 
p – Static pressure 
Q  – Equilibrium quotient 
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Qcond – Conduction heat transfer 
Qconv – Convection heat transfer 
Qrad – Radiation heat transfer  
R  – Ideal gas constant, 8.314 (J/mol∙K) 
Ri – Chemical net rate of production of species i 
Rej – Reynolds number 
Si  – Entropy of species i 
T  – Temperature 
Tf  – Flame temperature (K) 
Tj  – Temperature of thermocouple bead (K) 
 ⃗  – Velocity 
Vtot  – Total volumetric flow rate through the burner 
Vr – Reactor volume of PSR 
Xi  – Mole fraction of species i 
x – Axial dimension of PFR 
Yi – Mass fraction of species i 
z – Axial distance from simulation inlet (mm) 
 
Greek Symbols 
ε  – Emissivity of the wire 
μ – viscosity at Tf (N∙s/m
2) 
μs  – viscosity at Tj (N∙s/m
2) 
μm – molecular viscosity 
σ  – Stefan-Boltzmann constant, 5.67×10-8 W/(m2∙K4) 
ρ – Density 
   ,   – density of N2 at 21°C = 1.61 kg/m
3 
  – Residence time of PFR 
  – Stress tensor =      (∇ ⃗ + ∇ ⃗
 ) −
 
 
∇ ⃗   
φ  – Equivalence ratio 
 ̇  – Molar arte of production of species i 
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1. Introduction 
Hydrogen and syngas are important industrial chemicals which are used as precursors to 
many industrial chemical processes, such as the Fischer-Tropsch process (Peña et al. 1996; 
Xu et al. 2014; Vernon et al. 1990), production of ammonia (Peña et al. 1996; Vernon et al. 
1990; Vascellari et al. 2015), and methanol (Peña et al. 1996; Xu et al. 2014; Vernon et al. 
1990) amongst other organic compounds (Figure 1-1). In addition, hydrogen, which is the 
main use of syngas production, is viewed as the fuel of the future due to its high power 
density and cleanliness, for use in stationary and non-stationary applications, such as fuel 
cells and power generation (Chaubey et al. 2013; Al-Hamamre & Al-Zoubi 2010; Chen 
2014; Toledo et al. 2009; Lyubovsky et al. 2005).  
 
 
Figure 1-1. Some of the products made from syngas. Taken from Spath & Dayton 2003. 
  
There are several challenges associated with the use of hydrogen and syngas. First, safe 
transport and distribution of hydrogen is difficult as it is highly explosive with a wide 
flammability range (Nikolaidis & Poullikkas 2017). This is exacerbated by its low 
molecular weight requiring large amounts of energy to compress it. This property also 
makes it difficult to store (Nikolaidis & Poullikkas 2017; Petitpas et al. 2007). Lastly, the 
production of hydrogen and syngas is highly energy intensive, and expensive, accounting 
for up to 75% of downstream product costs (Spath & Dayton 2003). 
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While there are a number of methods to produce hydrogen and syngas, at present 50% of 
the world’s hydrogen is produced by steam methane reforming (SMR) (Reaction 1-1) 
(Chaubey et al. 2013) which is energy intensive and hence expensive (De Rogatis et al. 
2009), bulky (Vernon et al. 1990; Horn et al. 2007), and requires long start up times 
(Chaubey et al. 2013).  
 
Steam Methane Reforming (SMR): 
CH4+H2O(g) ⇌ CO+3H2   ΔH298 = +206kJ/mol  .................. Reaction 1-1 
Partial Oxidation (POX): 
CH4+
1
2
O2 → CO+2H2 ΔH298 = –36kJ/mol  .................. Reaction 1-2 
Complete Oxidation: 
CH4+2O2 → CO2+2H2O(g) ΔH298 = –802kJ/mol  .................. Reaction 1-3 
 
There is an additional problem with using the syngas produced by this process for many of 
the downstream applications mentioned above, as these require a molar H2:CO ratio of 2:1. 
As can be clearly seen (Figure 1-2), the molar ratio achievable from SMR ranges from 
2.8:1, resulting in the need for adjustment before it can be used (Xu et al. 2014; Arutyunov 
et al. 2014; Hu & Ruckenstein 2004).  
 
Other methods of reforming have the potential to address these problems and can be used 
either in conjunction with SMR to tailor the production for specific applications, or to 
supplement supply. Specifically, a methane reformer using partial oxidation (POX) looks 
promising. Firstly, the reaction produces a molar H2:CO ratio up to 2:1 which is suitable 
for downstream use (Figure 1-2). Secondly, due to the mildly exothermic nature of the 
partial oxidation reaction (Reaction 1-2), it is less energy intensive which results in a more 
compact reactor. This leads to the ability to build a reactor on site to produce hydrogen and 
syngas in situ, relying on the distribution network for natural gas which is well established 
(Petitpas et al. 2007; De Rogatis et al. 2009). Its high reaction rate also reduces the start-up 
and production time (Chaubey et al. 2013; Arutyunov et al. 2014). 
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Figure 1-2. H2:CO ratios from various syngas production processes. Adapted from Rostrup-Nielsen et al. 2002. 
 
This method of production does have its own challenges. To ensure that the partial 
oxidation reaction is the preferred pathway with significant yield of hydrogen and carbon 
monoxide, the combustion reaction needs to be run under rich conditions, ideally at 
equivalence ratios of 1.5 or higher. This leads to issues with stability as these conditions 
are at or outside the flammability limit of methane in air. As methane is in excess, and 
combustion produces a range of species, the final product needs to be purified, and the 
conversion can be low. These rich conditions have a propensity to soot which clogs the 
reactor, along with reducing yield. In addition, complete combustion (Reaction 1-3) is 
favoured, which also affects yield. 
 
POX can be achieved either via catalytic combustion or via the thermal pathway. The latter 
pathway is studied here. Some of the challenges associated with POX can be addressed 
through appropriate burner design. The burner in this study uses interacting laminar 
diffusion flames, which overcomes the stability issue. While the Hencken burner is one of 
several geometries which can achieve interacting diffusion flames, a configuration 
consisting of many coaxial ports spaced closely together is used in this study. This 
configuration will cause the port anchored flames to interact. While diffusion flames have 
been extensively studied, this has focused on the hot primary flame zone, sooting 
characteristics, NOx production, and flame height (see for example, Cao et al. 2014; 
Mikofski et al. 2006; Léonard et al. 1994; Gomez et al. 1984; Mitchell et al. 1980; Mandal 
et al. 2006; Fletcher et al. 2013; Walsh et al. 1998; Khan & Raghavan 2014; Roper 1977; 
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Roper et al. 1977; Liu & Smallwood 2011), the downstream secondary flame zone is 
unexplored (Figure 1-3). 
 
 
Figure 1-3. Flame structure of multiport burner. 
 
These multiport burners have, in addition, been studied extensively for heat transfer 
applications (such as, Chander & Ray 2005; Hindasageri et al. 2015; Tillman et al. 2012), 
but investigation of this burner concept for syngas production, and the chemistry in 
general, is scarce in the literature. It has however been applied for powering a direct flame 
solid oxide fuel cell (Wang et al. 2013; Wang et al. 2014; Wang et al. 2015). While this set 
up was examined experimentally, numerical modelling was not undertaken, nor were the 
parameters of the burner explored to optimise the burner design. Nonetheless, it provides a 
proof-of-concept. The research discussed here extends investigation of experimental 
parameters, and adds numerical modelling to understand the behaviour of the burner and 
downstream region. The controlling parameters of interacting methane laminar diffusion 
flames are also identified. These parameters can be divided into three categories 
(Table 1-1). 
F
u
e
l 
O
x
id
a
n
t 
  
                
  
  
Hot primary flame 
zone 
Downstream 
secondary flame 
zone 
Page | 5 
 
Table 1-1. Parameters affecting the downstream secondary flame zone of a multiport burner. 
Geometric Flow Species 
 Diameter of fuel port. 
 Diameter of oxidant port. 
 Wall thickness between fuel 
and oxidant ports. 
 Wall thickness between oxidant 
ports. 
 Material of burner. 
 Inlet channel length. 
 Absolute flow rate of fuel and 
oxidant. 
 Relative flow rate between 
fuel and oxidant. 
 Equivalence ratio. 
 Diluents in fuel and oxidant. 
 
1.1 Thesis Structure 
In Chapter 2, a review of the literature on various methods of syngas and hydrogen 
production is provided, with a particular focus on the partial oxidation methodology and 
associated reactor configurations. The effect of interaction on flame behaviour and 
applications of multiport burners is also discussed. Some important knowledge gaps are 
identified. 
 
In Chapter 3, a 2D axisymmetric computational fluid dynamics model of the burner is 
described, and the mechanism and mesh independence verified. Detailed sample results for 
a base case, and parametric studies looking at the effect of equivalence ratio and diluents, 
are presented. 
 
In Chapter 4, a reactor network representing the reaction zone created by the multiport 
burner is used for a kinetics study. The results from detailed parametric studies examining 
the effect of equivalence ratio and oxygen mole fraction in the oxidant are presented. A 
rates-of-production analysis on select cases is also discussed. 
 
In Chapter 5, an experimental investigation of a commercially-available multiport burner is 
undertaken. Profiles in the axial direction were obtained to examine the reaction 
progression, while transverse measurements revealed the 2D temperature and composition 
structure of the downstream region. The influence of equivalence ratio, oxygen mole 
fraction in the oxidant, and diluents of nitrogen and hydrogen in the fuel is investigated.  
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In Chapter 6, the results from the three methodologies investigated in Chapters 3 to 5 are 
compared. 
 
In Chapter 7, the conclusions from this study are presented, with some recommendations 
for future work. 
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2. Literature Review 
Demand for syngas and hydrogen is only increasing, and reforming of hydrocarbons is 
currently a significant contribution to world demand. As an example, 80 % of ammonia 
produced worldwide relies on the products of steam reforming of hydrocarbons (York et al. 
2007). In the short to medium term this is likely to continue. As a result, there is significant 
interest in developing novel, more efficient, and cheaper reforming methods and processes 
for the production of syngas and hydrogen. 
 
2.1 Methods of Syngas and Hydrogen Production 
While it would be highly desirable to produce industrial chemicals directly from methane 
rather than first producing syngas, it is not economical due to low yields (Rostrup-Nielsen 
et al. 2002). Other hydrocarbons have been used in the production of syngas and hydrogen, 
however methane is the preferred hydrocarbon feedstock due to its abundant availability 
and low cost (Chaubey et al. 2013; Rostrup-Nielsen et al. 2002). 
 
From a theoretical perspective, using hydrocarbons as a feedstock, there are four global 
reactions which can be used for the production of syngas and hydrogen. These are listed in 
Table 2-1. In addition, the water-gas shift reaction can be used to adjust the syngas 
composition (Reaction 2-1). 
 
Table 2-1. Reactions for the production of hydrogen and syngas (Petitpas et al. 2007). 
Name General Global Reaction Enthalpy 
Partial Oxidation C H  +
n
2
O  → nCO +
m
2
H  Exothermic 
Steam Reforming C H  + nH O → nCO +  
m
2
+ n  H  Endothermic 
Dry CO2 Reforming C H  + nCO  → 2nCO +
m
2
H  Endothermic 
Thermal Decomposition C H  → nC  +
m
2
H  Endothermic 
 
CO + H O ⇌ H  + CO  ΔH298 = –41 kJ/mol  ..................................  (Reaction 2-1) 
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2.1.1 Thermal Decomposition 
Thermal decomposition, otherwise known as pyrolysis or cracking, is in many ways 
desirable for the production of hydrogen as, due to the lack of oxygen, H2 is the only 
gaseous product formed. This eliminates the need for downstream processing, making it 
particularly attractive for PEM fuel cells which require H2 uncontaminated by CO 
(Shekhawat 2011, p. 262). Other advantages include the ease of handling solid carbon, 
compared with CO2, especially as relates to carbon sequestration, and that this carbon is a 
valuable product which is used to produce carbon black, carbon nanotubes and nanofibres. 
Thermal decomposition is used industrially for this reason. Unfortunately, to perform this 
reaction homogeneously requires temperatures in excess of 1200°C. While a catalyst can 
reduce this temperature, the solid carbon deposition deactivates the catalyst. In addition, 
though the catalyst can be regenerated by passing air or steam to gasify the carbon, this 
negates the aforementioned advantages.  
 
2.1.2 Steam Reforming 
Of the approaches in Table 2-1, only steam reforming, particularly of methane, has seen 
significant commercialisation, with the first commercial plant created in 1936 (York et al. 
2007). At present, 50% of the world’s hydrogen production is by this method (Chaubey et 
al. 2013). The majority of the rest is made up from partial oxidation, gasification of coal, 
steam-iron process, water electrolysis, and auto-thermal reformation (Steinberg & Cheng 
1989; Chaubey et al. 2013). 
 
Steam reforming involves the catalytic conversion of the hydrocarbon fuel and steam to 
hydrogen and carbon monoxide. It is restricted to using fuels which can be vaporised 
without carbon formation. These range from methane to naphtha (Steinberg & Cheng 
1989; Melo & Morlanés 2005) and includes ethanol (Sharma et al. 2017), dimethyl ether 
(González-Gil et al. 2016), diesel (Mundhwa et al. 2017), glycerol (Pastor-Pérez & 
Sepúlveda-Escribano 2017), methanol (Azenha et al. 2017), and butanol (Horng et al. 
2016).  
 
There are a number of significant disadvantages to the steam methane reforming process. 
Firstly there is excess hydrogen which needs to be removed before use in downstream 
synthesis reactions, such as the Fischer-Tropsch process (Peña et al. 1996; Xu et al. 2014; 
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Vernon et al. 1990), and production of methanol (Peña et al. 1996; Xu et al. 2014; Vernon 
et al. 1990), DME and acetic acid (York et al. 2007), oxo-alcohols, and isocyanates 
(Vascellari et al. 2015). This is further exacerbated by the water-gas shift reaction 
(Reaction 2-1) which produces significant amounts of carbon dioxide at the expense of 
carbon monoxide, enhancing the H2:CO ratio. There is also a requirement for the 
generation of superheated steam in excess. The reaction is also strongly endothermic and 
therefore requires further energy input to sustain it. To mitigate this, SMR plants are often 
coupled to the downstream production plant which is usually exothermic. This excess heat 
can be recycled through to the steam production and SMR plants, reducing the energy 
demand. However, the additional infrastructure ensures that the operation is bulky (York et 
al. 2007). Despite these disadvantages, steam methane reforming is still the most efficient 
and economical method for the production of hydrogen and carbon monoxide (Chaubey et 
al. 2013).  
 
2.1.3 Dry (CO2) Reforming 
Dry carbon dioxide reforming is highly desirable, particularly when coupled with steam 
reforming, partial oxidation and the water-gas shift as a way to improve the yield of syngas 
(Chen 2014), and tailor the final composition. Moreover, it consumes two strong 
greenhouse gases which makes it attractive for environmental reasons as a means to reduce 
global warming (Hu & Ruckenstein 2004). At present, only laboratory scale experiments 
have been undertaken due to the lack of effective and economic catalysts, and the high 
energy requirements which are unappealing (Hu & Ruckenstein 2004). The reaction takes 
place heterogeneously, and the main challenge to overcome is the poisoning of the catalyst 
due to soot deposition, and sintering of the metal catalyst (Gao et al. 2011, p. 194). This is 
much higher than for partial oxidation due to the higher carbon load. 
 
There is an added advantage of coupling this mechanism to either steam methane 
reforming or partial methane oxidation as natural gas supplies are typically contaminated 
by carbon dioxide (Ashcroft et al. 1991; Rostrup-Nielsen et al. 2002) of 0.1-7.5% 
(Chemical Composition of Natural Gas 2015; Components of Natural Gas 2015; Carbon 
Dioxide (CO2) Measurement in Natural Gas 2013; Chem Alert Report (MSDS): Natural 
Gas 2012; Chem Alert Report (MSDS): Natural Gas 2011). If this mechanism can be made 
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economical, it may allow the use of high CO2 contaminated natural gas feed stocks, and 
can be used to adjust the final composition and improve the syngas yield. 
 
2.2 Partial Oxidation 
Complete oxidation refers to the reaction of a hydrocarbon fuel with a stoichiometric 
amount of oxygen, which results in combustion products consisting solely of water and 
carbon dioxide. Partial oxidation can therefore also be referred to as incomplete 
combustion, and the products consist of a mix of unreacted fuel, carbon monoxide, 
hydrogen, as well as carbon dioxide and water, amongst other products. It is considered 
attractive for syngas and hydrogen production, as carbon monoxide and hydrogen are the 
thermodynamically favoured products for this reaction. Furthermore, the reaction rate is 
faster than steam methane reforming, resulting in short residence times (De Rogatis et al. 
2009), the selectivity to syngas products is higher in comparison with SMR (Ashcroft et al. 
1991), and it can be made more compact (Chaubey et al. 2013; Al-Hamamre & Al-Zoubi 
2010). There is also the added advantage that it can contribute to achieving carbon 
neutrality as methane is a by-product of organic decomposition (Enger et al. 2008). 
Moreover, in systems which use natural gas, converting the methane into syngas can 
reduce pollution emission since it reduces NOx by stabilising low temperature flames 
(Lyubovsky et al. 2005).  
 
The main disadvantage of partial oxidation is that it requires a pure oxygen feed. The outlet 
products need to be compressed to 20 bar for use in industrial synthesis processes and 
these do not tolerate a dilution of the synthesis gas by nitrogen as the compression costs of 
diluted syngas is high (Hu & Ruckenstein 2004). Whether pure oxygen, air, or oxygen 
enriched air is used as the oxidising agent has other impacts in addition to the costs 
associated with compression. An increase in oxygen increases the flame temperature, 
thermal efficiency, and flame stability, and reduces pollutants in addition to reducing the 
exhaust volume (Chander & Ray 2005). A secondary effect is that a diluent of nitrogen in 
the combustion reaction reduces the reaction temperature. To achieve significant yield of 
syngas and hydrogen, the required extremely rich equivalence ratios lie in the region of 
low adiabatic flame temperatures. A decrease in the reaction temperature by a non-
participating diluent, such as nitrogen, therefore destabilises the flame, and results in low 
yield and conversion.  
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To compensate for the need to pressurise the products, partial oxidation can be run at 
higher pressures, with an optimum between 5-40 bar, but there is a loss of conversion. This 
can be explained by Le Chatelier’s principle, as there are double the number of product 
moles compared with the reactants (Lyubovsky et al. 2005). There are some other 
disadvantages depending on whether the catalytic or thermal pathway is used (Section 2.3), 
however the thermodynamic benefit to using partial oxidation for syngas production 
warrants investigation. 
 
2.2.1 Partial Oxidation Methodology 
Experimental investigation into the chemical kinetics and reactions of fuel rich 
hydrocarbon combustion has been approached in different ways depending on the focus of 
the work. Within a flame, the temperature of the reaction zone is coupled to the initial 
composition. This consequently affects the final composition of products. It is possible to 
decouple these parameters by utilising a plug flow reactor, and then supplying fuel and 
oxidant highly diluted by an inert compound such as argon, as has been done for example, 
by Köhler et al. (2016). The reactor is then heated to known temperatures and the 
composition of the products is measured. The dilution is of the order of 0.25 % by fuel 
volume and 0.20 % by oxidant volume, well below the flammability limit of hydrocarbon 
fuels. This ensures that the reactions are due to the externally supplied heat energy. 
However, the purpose of such studies is the elucidation of the detailed reaction pathways 
and kinetics, rather than for direct development of reactor design. 
 
In contrast, the aim of this thesis is focused on how the multiport geometry establishes the 
initial environment in the post flame zone, and the consequential effect on product 
composition. This configuration can be considered a wall-less flow reactor. A flame can be 
broken up into three primary zones – preheat zone, primary reaction zone and secondary 
reaction zone (Woods 1988). Of particular interest is the secondary reaction zone as it is 
the final output of the reactor which is relevant to downstream processes. This region 
downstream of the flame front, or primary reaction zone, is characterised by slow, 
endothermic reforming reactions.  
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2.3 Partial Oxidation Reactors 
There have been two main approaches to reform methane by partial oxidation. These are 
via a catalytic pathway (CPOX) (see for example, Chaubey et al. 2013; Lyubovsky et al. 
2005; De Rogatis et al. 2009; Vernon et al. 1990) or using a thermal pathway (TPOX) 
(Chaubey et al. 2013; Al-Hamamre & Al-Zoubi 2010). 
 
2.3.1 Catalytic Partial Oxidation 
More attention has been devoted to CPOX methods as this requires lower operating 
temperatures and the potential for less soot generation. In addition, heterogeneous 
pathways are one of the better ways to overcome the high bond dissociation energy 
(439.3 kJ/mol) associated with the CH3-H(g) bond, a necessary step for methane conversion 
(Enger et al. 2008). However, the catalyst can be easily poisoned by sulphur, which is 
often present in natural gas supplies (Chaubey et al. 2013), and due to the nature of the 
reaction, carbon and soot deposition over the catalyst render it inactive (Peña et al. 1996). 
Because of the heat generated, non-noble metal catalysts suffer from sintering and phase 
transformations resulting in shortened lifetimes of a CPOX reactor (De Rogatis et al. 
2009), and while noble metal based catalysts show good temperature stability, their high 
cost and limited availability restrict their use industrially (De Rogatis et al. 2009). In 
addition, as some conversion to H2O and CO2 is unavoidable, hot spots develop within the 
catalyst bed since this is a strongly exothermic reaction (Reaction 2-2). The temperature 
can vary by as much as several hundred degrees Kelvin over the distance of 1 mm in the 
reactor. Due to the rapid heat release of the partial oxidation reaction, it is difficult to 
remove this heat as fast as it is generated. This has the potential to lead to explosions (Hu 
& Ruckenstein 2004). 
 
CH  + 2O  → CO  + H O ΔH298 = –890 kJ/mol  ................................  (Reaction 2-2) 
 
While Enger et al. (2008) states that no CPOX system have been commercialised, Eastman 
(1956) mentions that a process was commercialised after 1933 in Germany. At present, 
there is active research in this area on catalysts and geometry to utilise CPOX at pressures 
suitable for downstream applications while improving yields and lifespan. 
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2.3.2 Thermal Partial Oxidation 
TPOX on the other hand requires high operating temperatures of 1150-1315°C (Chaubey 
et al. 2013) as compared with steam methane reforming (700-800°C) (Vernon et al. 1990), 
lower efficiencies than CPOX (Loukou et al. 2012), and has a greater tendency to produce 
soot at the rich conditions required (Al-Hamamre & Al-Zoubi 2010). TPOX is still seen as 
an attractive option since it is less sensitive to fuel variation (Al-Hamamre & Al-Zoubi 
2010), and has potentially longer operational life-times and lower costs (Loukou et al. 
2012). Commercial processes have been developed using TPOX by Shell and Texaco 
(Eastman 1956). 
 
The main focus of TPOX studies has been assessing the performance of a variety of 
premixed fuels, such as methane (Drayton et al. 1998; Loukou et al. 2012), ethane and 
propane (Toledo et al. 2009), liquid heptane (Dixon et al. 2008), methane and kerosene 
(Zhdanok 2003), hydrogen sulfide (Bingue et al. 2002), and methanol and gasoline 
(Shekhawat 2011, p. 276). The premixed regime suffers from stability issues at the rich 
conditions required due to the low adiabatic flame temperature (Al-Hamamre & Al-Zoubi 
2010). The way this is overcome is by creating a “super-adiabatic” environment utilising 
the principle of excess enthalpy. The adiabatic temperature is that achieved by a system 
assuming no heat loss. Super-adiabatic is defined as an amplification of the combustion 
temperature above the adiabatic combustion temperature. 
 
A diffusion configuration overcomes this stability issue, as the primary reaction zone is 
always at an equivalence ratio of 1.0. The main disadvantage of this mode of combustion is 
achieving adequate mixing, which otherwise results in low conversion. There are several 
configurations which improve mixing, such as opposed stagnation flow, but most of these 
result in a turbulent flow regime, making the reaction difficult to control. The diffusion 
configuration is discussed in more detail in Section 2.4.2. 
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2.4 Reactor Configurations 
2.4.1 Premixed 
Both experimental and numerical investigations have been undertaken for various 
premixed TPOX configurations. The configurations investigated include the use of both 
stationary and transient configurations. This includes experimental and numerical studies 
of filtration combustion (Toledo et al. 2009; Drayton et al. 1998), experimental and 
numerical studies of parallel microchannels (Blakeley & Sullivan 2016),  experimental and 
numerical studies of a Swiss-roll configuration (Chen et al. 2015a), and an experimental 
study of porous matrices (Arutyunov et al. 2014), amongst others. A review of what has 
been investigated both by experiments and numerically in filtration combustion and porous 
matrix burners is presented in Al-Hamamre & Al-Zoubi (2010). These reactors all achieve 
excess enthalpy conditions by using the heat from the combustion zone to preheat the 
reactants. Some of these configurations achieve this by creating a reactor structure which 
passes the hot product gases over the feed stream, whilst others use the radiant heat from 
the combustion zone. It is a well-known effect that increasing the temperature of the 
reactants stabilises the reaction zone (Smith et al. 2013), extending the flammability limit 
and hence overcoming the stability issues caused by the required rich combustion 
environment. Preheating also results in higher temperatures of the downstream secondary 
flame zone, increasing the efficiency of the endothermic reforming reactions in this 
location. Despite this enhancement of flammability range, the conditions required for 
optimum syngas production are still on the boundary of what has been achieved. In 
addition, many of these reactors result in significant soot production, which is detrimental 
as mentioned above, and from a safety perspective, there is the potential for flashback as 
the reagents are heated. 
 
2.4.2 Diffusion 
With respect to equivalence ratio, there are two definitions which are relevant to diffusion 
flames. The global equivalence ratio (φ) is based on the ratio of the inlet fuel and oxygen 
flow rates. This is used to determine whether the burner is operating under partial 
oxidation conditions (described later in Section 3.3.1). The reaction zone can also be 
identified by a local equivalence ratio. A diffusion flame only reacts at the interface 
between the fuel and oxidant streams, and therefore reaction occurs at a local equivalence 
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ratio of approximately 1.0, irrespective of the inlet ratio of fuel to oxidant. Therefore a 
diffusion flame arrangement is not restricted to the flammability limits of premixed flames 
by the nature of the geometry. Hence TPOX using a diffusion flame arrangement does not 
suffer from the stability issues experienced by premixed arrangements in, for example 
Arutyunov et al. (2014), and does not require elaborate preheating arrangements to sustain 
reaction, though this may enhance conversion and yield.  
 
While axisymmetric diffusion flames in a variety of configurations and flow regimes have 
been investigated at great length (see for example Kuo 1986; Mitchell et al. 1980; Liu & 
Smallwood 2011), these have focused on, for example, determination of flame height 
(Roper 1977; Roper et al. 1977), soot production (Karataş & Gülder 2015; Gülder & 
Snelling 1993; Liu & Smallwood 2011), and pollution formation (Léonard et al. 1994). 
Studies undertaken using this flow regime for thermal partial oxidation are scarce. The 
most promising configuration for TPOX applications is the multiport burner, as it 
addresses the low mixing rates associated with diffusion flames while maintaining a 
laminar flow regime. However, most studies which have investigated multiport 
configurations have been for heat transfer applications (Section 2.5.2). Only one set of 
studies has used a multiport configuration for syngas production, and the focus was on 
assessing the impact on the downstream solid oxide fuel cell (Wang et al. 2013; Wang et 
al. 2014; Wang et al. 2015). No optimisation or fundamental understanding of the effect of 
burner geometry on the product output was attempted. There is therefore a lack of 
understanding regarding the impact of flame interaction on the final composition, and the 
suitability of multiport burners for the production of hydrogen and syngas. 
 
2.5 Interacting Flames 
The burner of interest involves interacting flames. In the study of interacting flames, the 
most important questions that need to be addressed are: “why neighbouring flames interact 
in the first place?”, and “what it means for flames to be interacting?” The change in flame 
characteristics due to the presence of other flames is used to define “interaction”. The 
primary reason is that flames in close proximity are competing for the same oxygen supply 
which results in zones of depleted oxygen in the interstitial space between the flames, 
which causes them to spread. Although jets spread even without reaction, the competition 
for oxygen between adjacent flames in a multiport arrangement enhances the flame width. 
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This affects, amongst other things, flame height, stability, and concentration of the product 
species (Tillman et al. 2012). The changes in flame behaviour have led to the discovery of 
some interesting effects. Of particular note, interacting flames reduce NOx production 
(Menon & Gollahalli 1988; Lee & Kim 2005), and of interest for the production of syngas, 
it has been found that the interacting arrangement increases the production of carbon 
monoxide (Lee & Kim 2005). By developing a thorough understanding of the parameters 
which control this process, it is hoped that this can be transferred to applications such as 
gas turbines (Tillman et al. 2012), and domestic gas appliances (Chander & Ray 2007).  
 
2.5.1 Flame Arrangements 
To use partial oxidation for syngas and hydrogen production, the arrangement needs to be 
reliable, repeatable, have good conversion and selectivity, preferably run as a continuous 
reactor, and a high rate of production. A single axisymmetric flame rapidly becomes 
turbulent as the diameter and velocity is increased. This assists with mixing and hence fuel 
conversion but the turbulent regime makes this difficult to control due to a large 
variability. Other configurations which improve mixing, such as opposing stagnation flow, 
suffer from the same issue. A laminar regime on the other hand, leads to a highly 
controllable reaction, but as the only mixing is via molecular diffusion, there is low fuel 
conversion due to the short residence time. The flow rate is also restricted to ensure that 
the flow regime does not transition to turbulence.  
 
Uniformity is not the only consideration for a controllable reaction, the other major 
consideration is stability. The necessary equivalence ratio to ensure that the partial 
oxidation reaction (Reaction 2-3) is favoured lies beyond the rich flammability limit of 
premixed methane-air flames, and at or above the rich flammability limit of premixed 
methane-oxygen flames. Therefore, while something like a Meker burner (Meker 1905), 
which is supplied by premixed fuel and air, breaks the incoming gas flow into multiple 
interacting laminar flames by using mesh placed at the burner outlet, stability is not 
improved as the flame remains within the premixed regime. A diffusion flame has the 
potential to address this stability issue as discussed in Section 2.4.2.  
 
CH4+
1
2
O2 → CO+2H2 ΔH298 = –36kJ/mol  ................................  (Reaction 2-3) 
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A multiport arrangement using the diffusion regime allows the laminar condition to be 
maintained while improving mixing because the individual port flames interact and 
mutually diffuse into each other. This also permits the total fuel throughput to be increased 
without transitioning to turbulence, allowing the system to be practically scaled up. This 
geometry can be achieved through a number of configurations, such as axisymmetric fuel 
ports surrounds by co-annular oxidant ports used in this study, and the honeycomb 
structure of the Hencken burner (Figure 2-1). 
 
 
Figure 2-1. Top view of typical multiport port burners. a) Hencken burner and, b) Axisymmetric co-axial fuel and 
oxidant ports. 
 
Roper (1979) was the first to provide a semi-empirical solution to the multiport 
arrangement. He developed equations which could be used predict flame height based on a 
Gaussian fit of a single diffusion flame issuing from a circular port. This approach is 
reasonably accurate as long as the flow is momentum controlled, ensuring that the axes of 
neighbouring ports remain parallel. However, this work was developed using 
stoichiometric and lean flames (Roper 1977; Roper et al. 1977) which are closed tip, and 
therefore have an easily identifiable flame height. The flames of interest here are 
open-tipped due to the high equivalence ratios, and hence definition of the flame height 
and application of this analytical approach is more complicated. Analytical models for 
interacting flame geometries other than the axisymmetric case have also been developed. 
Tillman (2012), for example, has studied interacting 2D linear burners for the case of pure 
fuel supply and entrained air. While these studies are within the laminar regime, the 
primary reason for many of these investigations is to form the building blocks for turbulent 
interacting flame theory, and possibly assist with certain burner designs. 
 
           
               
               
               
 Fuel 
Oxidant 
a) b) 
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Single jet data cannot be used to predict the behaviour of multiport configurations due to 
the effects of interaction (Chander & Ray 2005). Consequently, there are a number of 
studies into the effect of interaction on flame height, lift-off velocity, blow-off height, 
temperature, and the impact of Reynolds number and port spacing (Roper 1979; Tillman et 
al. 2012; Hindasageri et al. 2015; Lee et al. 2004; Lenze et al. 1975; Kang et al. 2013). 
While some studies have investigated the chemistry, this has mostly focused on pollution 
compounds such as soot, NOx and CO (Lee & Kim 2005; Tillman et al. 2012). Comparing 
interacting flames with a single flame, it has been shown that interaction increases flame 
height and spread, and increases stability as determined from an increase in lift-off velocity 
and blow-off height. With respect to the chemistry, NOx production is reduced while soot 
and CO increase. Regarding the geometry, the closer the port spacing, the lower Reynolds 
number required for the flames to interact. However, if the ports are too close, the multiple 
flames will behave as a single flame, either partially premixed if the oxidant is supplied, or 
as a diffusion flame if the configuration relies on entrained air. In addition, with the focus 
on heat transfer and pollution mitigation applications, these studies are not undertaken at 
conditions of interest for methane reforming by partial oxidation.  
 
Various studies using interacting flames in several configurations have been undertaken, 
though only those studies performed by Wang et al. (2013, 2014, 2015) have been used for 
partial oxidation. These include improvements in heat transfer (Dong et al. 2003; Chander 
& Ray 2007; Hindasageri et al. 2015), reduction of NOx and increased flame stability to 
blowout (Lee & Kim 2005; Tillman et al. 2012), modelling of bush fires (Menon & 
Gollahalli 1988; Putnam & Speich 1963), and development of analytical models for this 
configuration. Of these areas of interest, the majority of interacting flame studies were 
performed to investigate heat transfer. 
 
2.5.2 Heat Transfer 
Electrical resistance heating is attractive as a means of providing heating as it is a 
controllable and even source of heat. In addition, the efficiency of energy conversion from 
electrical energy to heat energy approaches 100 %, while combustion is limited to around 
40 % of the stored chemical energy. However, its source is most commonly from a fossil 
fuel such as coal and natural gas. Once losses due to both the chemical conversion and 
transmission are accounted for, the efficiency of generating heat by this method as 
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compared with combusting a fuel such as natural gas directly, is measurably lower 
(Electric Resistance Heating n.d.; Efficiency in Electricity Generation 2003). Therefore, 
there is interest in utilising combustion directly as a reliable method of heating. There is 
also strong motivation behind investigations into heat transfer from the desire to improve 
and understand domestic gas appliances (Tillman et al. 2012). Many of these studies 
specifically involve jets of pure fuel reacting with entrained air rather than a co-flow 
supply as examined here.  
 
Ensuring that the heat provided via combustion is uniform is more difficult however, due 
to the typically turbulent flow conditions of most flame configurations which can supply 
sufficient heat load. To maintain control of the combustion while ensuring sufficient 
heating capacity, an interacting configuration is attractive as discussed in Section 2.5.1. 
This is less of a concern in a domestic environment, but for precision manufacturing, such 
as the glass industry, control is critical. Multiport heaters have been used for the melting of 
scrap metal and other metal forming, since this configuration significantly improves heat 
transfer rates from the combustion products to the target. This results in higher productivity 
while minimising fuel consumption and pollutant emission (Chander & Ray 2005). In 
addition to the economic, uniformity and control benefits, there is a desire to keep the 
flame lengths as short as possible to maximise the use of space (Liang et al. 2013). This 
requirement again suggests a multiport configuration as the laminar flame length is linearly 
proportional to the flow rate (Lee & Kim 2005; Kuo 1986).  
 
Studies into the uniformity and efficiency of heat transfer with interacting configurations 
have examined the effect of port spacing (Hindasageri et al. 2015; Chander & Ray 2007; 
Dong et al. 2003; Kuwana et al. 2014), location of the heated item with respect to position 
in the flame (Figure 2-2) (Hindasageri et al. 2015; Hindasageri et al. 2014; Chander & Ray 
2007; Dong et al. 2003), Reynolds number (Hindasageri et al. 2015; Hindasageri et al. 
2014), port configuration (triangular, cross, linear, slot and axisymmetric), number of ports 
and comparison with a single flame (Hindasageri et al. 2014; Dong et al. 2003), 
equivalence ratio, flame regime (premix or diffusion) (Hindasageri et al. 2015; Chander & 
Ray 2007; Dong et al. 2003; Kuwana et al. 2014), and whether the system is confined or 
open (Hindasageri et al. 2014). These effects have been studied both numerically and 
experimentally.  
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Figure 2-2. Schematic of heat transfer experiments showing port spacing, s, and location of heated 
item within flame, h. 
 
While all of these parameters affect the way and extent that the flames interact, and impact 
on their heat transfer performance, only some are significant. Fuel and oxidiser type, port 
spacing and the ratio of port spacing to flame height, along with Reynolds number, fuel 
flow rate, equivalence ratio and flame regime have the most significant effect (Chander & 
Ray 2005). However, as these studies are concerned with heat transfer, there has been little 
investigation into the effect on the chemistry, particularly under conditions relevant to 
syngas production by partial oxidation of methane as these conditions are characterised by 
low temperatures unsuitable for this application.  
2.6 Summary 
While partial oxidation is used or proposed for several industrial applications such as 
reducing emissions in the production of iron (Chen et al. 2015b), production of acetylene 
(Zhang et al. 2016), molybdenum reduction (Toledo et al. 2016), and has even been 
undertaken at a commercial scale by Shell and Texaco for the production of hydrogen and 
syngas, it is not widely used. Barriers to its implementation include catalyst deactivation in 
the case of catalytic partial oxidation, and stability issues with respect to thermal partial 
oxidation. TPOX using diffusion in a multiport configuration has the potential to solve 
these issues and is therefore worth exploring. In addition, detailed understanding of this 
system and its impact on product output has the potential to benefit other applications 
which use POX for chemical manufacture since some, such as acetylene manufacture and 
molybdenum reduction, require the same rich conditions. At present, limited 
experimentation, and no computational fluid dynamics simulations, have been undertaken 
of this reactor arrangement under these rich conditions. Most of the investigations into 
       
s 
h 
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multiport burners have focused either on heat transfer applications, or as fundamental 
studies for other, generally turbulent, applications.  
 
This thesis will address this knowledge gap. Specifically, the chemistry effects occurring 
due to diffusion-dominated behaviour that occurs in a multiport burner will be investigated 
using computational fluid dynamics. Experiments, using an existing multiport burner, will 
be performed to validate the CFD, by providing data on both downstream temperature and 
composition fields. In addition, system behaviour will be derived from observations made 
from CFD simulations so that design conditions can be studied in a computationally 
efficient manner. The impact of equivalence ratio and diluents will be investigated, with 
the focus on improving syngas and hydrogen yields, as these are known to affect the 
chemical composition. 
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3. Computational Fluid Dynamics Modelling 
Detailed flow and chemical kinetic modelling was performed using ANSYS Fluent (v17.0 
and v17.2, www.ansys.com), a computational fluid dynamics package (CFD). It is used to 
understand the behaviour of the burner and to perform parametric studies.  
 
3.1 Mechanism Verification 
To ensure that the reactions of interest that apply for this rich methane diffusion 
combustion case are captured accurately, a mechanism was sourced which has been 
validated for this regime. The chosen mechanism is called CRECK C1-C3 
(Cuoci et al. 2013). It consists of 84 species and 1698 reactions.  
 
To verify the mechanism and model set-up, equilibrium and burner stabilised laminar 1D 
premixed flames were simulated in ANSYS Fluent using CRECK, and the well-established 
GRI Mech 3.0 mechanism (Smith et al. 2000). ANSYS Chemkin-Pro v17.1 
(Kee et al. 2016) was used to generate the 0D equilibrium output, and as ANSYS Chemkin 
also provides a burner stabilised laminar 1D premixed flame model, the results from both 
ANSYS Chemkin and ANSYS Fluent were compared. The simulation type, and operating 
and boundary conditions are summarised in Table 3-1.  
 
 
Figure 3-1. 1D CFD verification domain for cases 4a i and ii, 4b i and ii, and 6. 
 
Cases 4a i and ii, 4b i and ii, and 6 were performed on a mesh consisting of 100 cells with 
the cell aspect ratio biased towards the inlet. The details of the computational domain are 
shown in Figure 3-1. To match the verification case from Cuoci et al. (Cases 5 and 7) the 
domain in Figure 3-2 was used which consists of a biased mesh of 400 cells.  
 
2 cm 
0.02 cm 
Bias 5:1 
Cells: 100 × 1 
Inlet 
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Figure 3-2. 1D CFD verification domain for cases 5 and 7. 
 
All ANSYS Fluent cases were solved using the SIMPLE solution method. The spatial 
discretisations were least squares cell based for the gradients, second order for pressure, 
and second order upwind for momentum, species and energy. The flow was set to laminar, 
and the standard multicomponent diffusion option was selected. All other settings were left 
as the default. 
 
Table 3-1. List of verification runs. 
Mechanism Case Case Type Parameters2 Package 
CRECK C1-C3 1a. 0D Equilibrium CH4/Air 
φ = 1 
P = 1 atm 
T = 600 K 
Chemkin 
GRI Mech 3.0 1b.  0D Equilibrium CH4/Air 
φ = 1 
P = 1 atm 
T = 600 K 
Chemkin 
CRECK C1-C3 2a. 1D burner stabilised 
laminar flame 
CH4/Air 
φ = 1 
P = 1 atm 
T = 600 K  
 ⃗ = 10 cm/s 
No inlet diffusion 
Chemkin 
GRI Mech 3.0 2b. 1D burner stabilised 
laminar flame 
CH4/Air 
φ = 1 
P = 1 atm 
T = 600 K  
 ⃗ = 10 cm/s 
No inlet diffusion 
Chemkin 
2 cm 
0.02 cm 
Bias 5:1 
Cells: 400 × 1 
Inlet 
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Mechanism Case Case Type Parameters2 Package 
CRECK C1-C3 3. 1D burner stabilised 
laminar flame 
1H2/Ar/O2 – 0.397/0.5/0.103 (mole fraction) 
P = 0.0467 atm 
T = 572 K  
 ⃗ = 276 cm/s 
No inlet diffusion 
Chemkin 
CRECK C1-C3 4a i. 1D burner stabilised 
laminar flame 
CH4/Air 
φ = 1 
P = 1 atm 
T = 600 K  
 ⃗ = 10 cm/s 
No inlet diffusion 
Stiff chemistry solver 
Fluent 
CRECK C1-C3 4a ii. 1D burner stabilised 
laminar flame 
CH4/Air 
φ = 1 
P = 1 atm 
T = 600 K  
 ⃗ = 10 cm/s 
Inlet diffusion 
Stiff chemistry solver 
Fluent 
GRI Mech 3.0 4b i. 1D burner stabilised 
laminar flame 
CH4/Air 
φ = 1 
P = 1 atm 
T = 600 K  
 ⃗ = 10 cm/s 
No inlet diffusion 
Stiff chemistry solver 
Fluent 
GRI Mech 3.0 4b ii. 1D burner stabilised 
laminar flame 
CH4/Air 
φ = 1 
P = 1 atm 
T = 600 K  
 ⃗ = 10 cm/s 
Inlet diffusion 
Stiff chemistry solver 
Fluent 
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Mechanism Case Case Type Parameters2 Package 
CRECK C1-C3 5. 1D burner stabilised 
laminar flame 
1H2/Ar/O2 – 0.397/0.5/0.103 (mole fraction) 
P = 0.0467 atm 
T = 572 K  
 ⃗ = 276 cm/s 
Inlet diffusion 
Stiff chemistry solver 
Fluent 
GRI Mech 3.0 6. 1D burner stabilised 
laminar flame 
CH4/Air 
φ = 1 
P = 1 atm 
T = 600 K  
 ⃗ = 10 cm/s 
Inlet diffusion 
Chemkin-CFD solver 
Fluent 
CRECK C1-C3 7. 1D burner stabilised 
laminar flame 
1H2/Ar/O2 – 0.397/0.5/0.103 (mole fraction) 
P = 0.0467 atm 
T = 572 K  
 ⃗ = 276 cm/s 
No Inlet diffusion 
Stiff chemistry solver 
Fluent 
1 Parameters from Cuoci et al. 2013. 
2 All cases used multi-component diffusion. 
 
Cases 2a and b, and 3 were also simulated using ANSYS Chemkin. This solver optimises 
the mesh to provide adequate resolution of the solution to the tolerance guidelines 
specified by the user. The default discretisation scheme was used, which is first order 
upwind. The maximum number of grid points allowed was set to 500, and both adaptive 
grid control based on solution gradient and solution curvature were set to 0.05. These 
settings were selected to stabilise the calculation. The multicomponent diffusion option 
was enabled, and the domain length was set to 2 cm. All other settings were left as the 
default. 
 
Equilibrium results (Cases 1a, b) show excellent agreement between CRECK and 
GRI Mech 3.0. The majority of the discrepancies between the OH and related species can 
be accounted for by the update to the heat of formation of OH which occurred since the 
publication of GRI Mech 3.0 (Table 3-2).  
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Table 3-2. Comparison between equilibrium values for Cases 1a and b for the two mechanisms. Case 1b is 
additionally compared with a modified version of GRI Mech 3.0 which uses the CRECK heat of formation of OH, 
demonstrating that most of the difference can be accounted for by the update to this value. 
Equilibrium  
Parameters1 
CRECK  
C1-C3 GRI Mech 3.0 
GRI Mech 3.0 + 
CRECK OH 
Difference relative to  
GRI Mech 3.0 (%) 
CRECK 
C1-C3 
GRI Mech 3.0 + 
CRECK OH 
Temperature (K) 2375 2366 2365 0.35 0.05 
OH 6.41×10-3 5.44×10-3 5.92×10-3 17.92 8.90 
O2 8.83×10
-3 7.74×10-3 7.63×10-3 14.12 1.42 
O 7.04×10-4 6.36×10-4 6.27×10-4 10.79 1.41 
H2 5.92×10
-3 6.08×10-3 6.07×10-3 2.63 0.12 
CO 1.51×10-2 1.55×10-2 1.55×10-2 2.45 0.05 
H 1.08×10-3 1.06×10-3 1.05×10-3 2.14 0.68 
CO2 7.86×10
-2 7.83×10-2 7.83×10-2 0.48 0.00 
H2O 1.78×10
-1 1.78×10-1 1.78×10-1 0.19 0.14 
1 All species concentrations in mole fraction. 
 
The 1D premixed burner model in ANSYS Chemkin cannot account for diffusion of 
species at the inlet while ANSYS Fluent can. All cases examined have significant inlet 
diffusion, which results in an inability to reach the equilibrium flame temperature due to 
the change in composition this causes. Therefore only the results from Cases 2a, 2b, 4a i 
and 4b i, which do not account for inlet diffusion, can be expected to show comparable 
results between ANSYS Fluent and ANSYS Chemkin. These cases show excellent 
agreement between ANSYS Chemkin and ANSYS Fluent, with a difference of ~1.2% in 
the temperature at the outlet, and confirm the correspondence between CRECK and GRI 
Mech 3.0. Selected output demonstrating this is shown in Figure 3-3. Where inlet diffusion 
is accounted for (Cases 4a ii, 4b ii, and 6), the temperature achieves the equilibrium flame 
temperature as expected (Figure 3-3).  
 
Within ANSYS Fluent, there are two chemistry solvers which are denoted Stiff Chemistry 
and Chemkin-CFD. The Stiff Chemistry solver was developed by ANSYS, while the 
Chemkin-CFD solver is new for ANSYS Fluent v17.0. The latter was developed 
externally, by Reaction Design, to handle large, complex chemical kinetic calculations. 
The effects of these were examined using GRI Mech 3.0 in Cases 4b ii and 6. There is no 
practical difference in the result between these two solvers (Figure 3-4). 
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Figure 3-3. Comparison of temperature between ANSYS Chemkin and ANSYS Fluent using CRECK C1-C3 
demonstrating the effect of inlet diffusion. 
 
As a final test, the verification case from Cuoci et al. (2013) was examined using both 
ANSYS Chemkin and ANSYS Fluent (Cases 3, 5 and 7). Cuoci et al. (2013) used the CFD 
package laminarSMOKE which has been developed from OpenFOAM.  
 
Cuoci et al. (2013) reports results for temperature, OH and H2O2. Case 5, which was 
simulated using ANSYS Fluent, shows good agreement between these, with maximum 
differences of 3.7% and 13.8% for temperature and OH mass fraction, respectively. The 
H2O2 mass fraction is of the same order of magnitude. As the calculated mass fraction of 
this species is less than 0.01 ppm, the difference in H2O2 profiles is negligible. The 
difference in OH mass fraction follows the discrepancy in temperature (Figure 3-5).  
 
Page | 28 
 
 
Figure 3-4. Comparison of temperature between Stiff Chemistry and Chemkin-CFD solvers using GRI Mech 3.0, 
demonstrating negligible difference. 
 
Case 3, using ANSYS Chemkin, shows several discrepancies, notably in the inlet region 
(Figure 3-6). This is clearly due to the inability of ANSYS Chemkin to model inlet 
diffusion, as evidenced by the non-zero values of OH and H2O2 at the inlet, and confirmed 
by CFD simulations with no inlet diffusion (Case 7).  
 
These cases demonstrate that the model set-up within both ANSYS Chemkin and 
ANSYS Fluent are consistent, and that the CRECK mechanism has been imported 
correctly into both software packages, with excellent agreement between them. 
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Figure 3-5. Comparison of ANSYS Fluent with inlet diffusion with Cuoci et al. 2013. This verifies that the 
mechanism has been imported correctly into ANSYS Fluent. 
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Figure 3-6. Comparison of ANSYS Chemkin and ANSYS Fluent without inlet diffusion with Cuoci et al. 2013. 
This verfies that the mechanism has imported correctly into ANSYS Chemkin and model set-ups are consistent. 
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3.2 2D Axisymmetric Simulation of the Burner 
3.2.1 Details of Simulation Geometry, Model and Boundary Conditions 
The burner used in the experiments consists of a rectangular grid of coaxial circular ports. 
It was decided to use a single port from this geometry as the unit cell for the numerical 
calculations. Though the ports are arranged rectilinearly, the individual port was assumed 
to be axisymmetric. The inlet dimensions chosen match those of the burner used for 
experiments (Figure 3-7). 
 
 
Figure 3-7. Dimensions used for the inlet region of the simulation domain. 
 
The simulation domain consists of a 30 mm inlet section, followed by a 70 mm 
downstream section. The inlet region is long enough to ensure fully-developed laminar 
flow. The downstream region is long enough to capture the hot primary flame zone and 
ensure fully-developed flow in the secondary flame zone. The fuel inlet is located next to 
the axis (Figure 3-8). 
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The fuel and oxidant inlets are set at a fixed temperature of 294.15 K, and the velocity for 
each stream is scaled from the total flow rate through a burner consisting of 45 ports fixed 
at 10 L/min. The composition of the flow is specified using mole fractions. The system 
operating pressure is 101 325 Pa (abs), and the outlet is set at 0 Pa (gauge), with backflow 
direction normal to the boundary. Gravity and radiation have not been enabled for this 
model. The boundary condition on the oxidant side of the domain was set as symmetry 
type for both solid and fluid zones. 
 
This case used the laminar model, with the steady, pressure-based 2D axisymmetric, 
double-precision solver in parallel. The flow was assumed to be Newtonian. 
 
 
Figure 3-8. Geometry and boundary conditions of simulation domain. 
 
The species model solves volumetric reactions with the standard energy, multicomponent 
diffusion and energy diffusion source options enabled (Table 3-3). The chemical kinetic 
mechanism used is CRECK C1-C3 (Cuoci et al. 2013) imported via the CHEMKIN import 
function. 
 
Although under the rich conditions examined, the production of soot is expected, the 
mechanism selected does not model soot production and reaction. Since the purpose of this 
research is not to model soot, and its production is detrimental to the production of syngas, 
an appropriate mechanism was not sourced. Instead acetylene has been used as a surrogate, 
an assumption which has been used previously in literature (Liu & Smallwood 2011). In 
addition, there are few validated soot models for laminar conditions. Therefore the 
contribution of soot to the chemical kinetics was neglected for computational expediency. 
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Table 3-3. General governing equations used in CFD modelling1. 
Species Transport ∇ ∙ (  ⃗Y ) = −∇ ∙    ⃗ + R  
Multicomponent 
Diffusion 
 
X X 
   
 
    ⃗
  
−
   ⃗
  
  = ∇X 
 
   
   
 
Mass ∇ ∙ (  ⃗) = 0 
Momentum ∇ ∙ (  ⃗⨂ ⃗) = −∇  + ∇ ∙     
Energy 
∇ ∙   ⃗(   +  )  = ∇ ∙   ∇T −         ⃗ +    ∙  ⃗ 
 
  
1Refer to Nomenclature for definition of terms. 
 
3.2.2 Solution Methodology 
The simulations were performed using a three step approach developed by Fletcher et al. 
(2013), which enhances the stability of the calculation and reduces convergence time. First, 
reactions were disabled and a “cold” solution was calculated to establish the flow field. 
Second, the equilibrium solution was calculated which ‘ignites’ the mixture and provides 
an initial guess. New to ANSYS Fluent v17.0 is the option to slow the reaction rate in rich 
mixtures during the equilibrium calculation. It was found that enabling this option reduced 
the overshoot and decay time in temperature observed by Fletcher et al., resulting in 
quicker convergence. Finally, the finite rate chemical kinetics option was enabled. Both 
equilibrium and finite rate kinetics used ISAT which sped up the calculation.  
 
The finite rate chemical kinetics was solved using the Stiff Chemistry solver with the 
coupled pressure-velocity solution method with a pseudo-transient time step of 0.01 s. The 
Stiff Chemistry solver was chosen over the Chemkin-CFD solver as it was discovered that 
the latter was extremely inefficient in parallel, accounting for 95% of the CPU time, and 
resulting in a slowdown of over 7 times as compared with the Stiff solver for the same 
parameters. (The cause of this has been identified and is fixed in ANSYS Fluent v18.) The 
coupled solution method, which has stronger coupling between pressure and velocities, 
was selected to stabilise the calculation as use of the SIMPLE solution method led to 
divergence.  
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The spatial discretisations were least squares cell based for the gradients, second order for 
pressure, and second order upwind for momentum, species and energy. All other settings 
were left as the default. 
 
In addition, it was discovered that ANSYS Fluent v17.0 and v17.2 became unstable during 
the finite rate kinetic calculations with the CRECK mechanism at temperatures below 
550 K. A Differential Algebraic Sensitivity Analysis Code (DASAC) failure message 
resulted, and the simulation would begin to diverge. This error eventually resulted in 
sudden termination of the calculation. To overcome this, the fluid domain was divided into 
two zones. These were the cold inlet region where no reaction took place as the fuel and 
oxidant streams are separated, and the hot, reactive downstream region (Figure 3-9). In the 
cold region the finite rate kinetics were disabled.  
 
Figure 3-9. Division of fluid domain into cold inert region showing where finite rate kinetics have been disabled 
and hot reactive region. 
 
Monitors of mass-weighted average methane mole fraction, velocity and temperature were 
located mid-way down the domain (z = 65 mm) and at the outlet. The solution was 
considered converged when all of these plots showed steady behaviour. 
 
3.2.3 Mesh Design and Independence 
The mesh has been designed to ensure that it is orthogonal and smooth, with gradual 
changes in adjacent cell sizes. In the z-direction, it consists of a 2:1 bias in cell aspect ratio 
towards the burner outlet in the cold inlet region and both solid regions, and a 5:1 bias in 
cell aspect ratio towards the burner outlet in the downstream region. To blend between the 
regions, a 1.4:1 bias is applied to the cells in the 0.5 mm between them (Figure 3-10). The 
mesh is evenly distributed in the r-direction for all regions. 
 
  
Cold Inlet  
Hot Downstream 
29.5 mm 
z 
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Figure 3-10. Burner outlet section of computational mesh. Arrow indicates location of burner outlet plane. 
Consists of 3011 cells total. 
 
To ensure that the solution was independent of the grid used, five meshes consisting of 
466, 1,025, 3,011, 5,068, and 10,769 number of cells were tested. The bias aspect ratios 
were kept the same for all meshes. The boundary conditions used are detailed in Table 3-4. 
 
Table 3-4. Boundary conditions used to test for mesh independent solution.  
Corresponds to φ = 2.0, Vtot = 10 L/min, XO₂ = 0.4. 
Parameter Boundary Conditions1 
Fuel Inlet  ⃗ = 0.97 m/s 
T = 300 K 
XCH4 = 1 
Oxidant Inlet  ⃗ = 0.48 m/s 
T = 300 K 
XO2 = 0.4 
XN2 = 0.6 
1All species concentrations specified in mole fractions. 
 
 
From Figure 3-11, for all the meshes examined, there is negligible difference in the 
solution for the temperature in the downstream, however there is noticeable difference in 
the inlet region (z < 30 mm) for meshes consisting of 466 and 1,025 cells. With respect to 
the mass fractions of H2 and CO, there is a small difference around z = 30 mm for the mesh 
z 
r 
  
Cold Inlet 
  
Downstream 
  
Crossover Region 
  
Solid Regions 
 
Bias 5:1 Bias 2:1 Bias 1.4:1 
0.5 mm
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consisting of 466 cells, however there is negligible difference across the remainder of the 
domain. Based on these results the mesh consisting of 3,011 cells was selected. 
 
 
 
Figure 3-11. Values along the symmetry boundary for all meshes for a) Temperature, and mass fraction of b) H2 
and c) CO. The inlet region shows mesh dependent solution for meshes consisting of 466 and 1,025 cells. 
 
3.3 Sample Computational Fluid Dynamics Results 
3.3.1 Details of Base Case 
A base case was selected to examine the characteristics of the burner. This corresponds to 
an equivalence ratio of 3.0, a total flow rate of 10 L/min through 45 ports of the burner and 
an oxygen mole fraction of 0.4 in the oxidant. The boundary conditions are detailed in 
Table 3-5. The equivalence ratio is calculated using the ratio of the global input fuel and 
oxygen flow rates to the burner, and the ideal-gas assumption (Equation 3-1). 
 
  
a) 
b) c) 
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 φ =  
   
    
 
 
∙
    
   
   (Equation 3-1) 
where φ = Global equivalence ratio 
  
   
    
 
 
 = oxygen:fuel ratio of stoichiometric methane combustion = 2 
 Vi = volumetric flow rate of species i 
 
Table 3-5. Boundary conditions used for base case. Corresponds to φ = 3.0, Vtot = 10 L/min, XO₂ = 0.4. 
Parameter Boundary Conditions1 
Fuel Inlet  ⃗ = 1.28 m/s 
T = 294.15 K 
XCH4 = 1.0 
Oxidant Inlet  ⃗ = 0.42 m/s 
T = 294.15 K 
XO2 = 0.4 
XN2 = 0.6 
1All species concentrations specified in mole fractions. 
 
3.3.2 Reaction Zone Structures 
To investigate the main features of the flame, contour plots of temperature, and OH, H2, 
CO and H2O mole fractions, which highlight different structures of the flame, were 
examined (Figure 3-12). 
 
The temperature and OH profiles map the shape of the hot primary flame zone. As 
expected for a rich, or under-ventilated, diffusion flame, the flame front curves away from 
the fuel port, resulting in an open tipped flame. The temperature contour also shows 
conduction into the solid structure of the burner which partially preheats the incoming 
reactants. 
 
In addition, high concentrations of OH indicate fast reaction rates. This is located just at 
the burner exit and defines the hot primary flame zone. The maximum temperature, and 
H2O and CO2 concentrations in this domain correspond with the maximum OH 
concentration. The highly exothermic nature of this zone, in addition to being the location 
of the maximum concentration of the complete oxidation products, provides supporting 
evidence that the complete oxidation reaction dominates in this zone. 
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Steam Methane Reforming (SMR): 
CH4+H2O ⇌ CO+3H2   ΔH298 = +206 kJ/mol  ...................... Reaction 3-1 
Dry Reforming: 
CH4+CO2 ⇌ 2CO+2H2 ΔH298 = +247 kJ/mol  ...................... Reaction 3-2 
Partial Oxidation (POX): 
CH4+
1
2
O2 → CO+2H2 ΔH298 = –36 kJ/mol  ...................... Reaction 3-3 
Complete Oxidation: 
CH4+2O2 → CO2+2H2O(v) ΔH298 = –802 kJ/mol  ...................... Reaction 3-4 
 
The flow structure from an examination of the partial oxidation products indicates a 
different pattern. For H2, the contour indicates little generation in the primary flame zone, 
but substantial formation throughout the downstream region, with noticeable gradients in 
the axial direction. The low temperature in this region is an indication of slow reaction 
rates and provides supporting evidence that this secondary flame zone is dominated by 
endothermic reforming reactions. The behaviour of CO is more complex however. The 
downstream region exhibits the same behaviour as H2 which provides additional evidence 
that this secondary flame zone is dominated by endothermic reforming reactions, however 
there is also significant concentration of CO within the primary flame zone. The 
characterisation of species generation is examined in more detail in Chapter 4. This dual 
reaction zone structure is the expected result for this model.  
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Figure 3-12. Contour plots of a) Temperature, b) OH mole fraction, c) H2 mole fraction, d) CO mole fraction and 
e) H2O mole fraction. Plots a), and c) to e) have been scaled ×2 in the vertical direction. Black arrows indicate 
location of burner outlet plane. White arrows indicate location of domain outlet plane. The symmetry boundary is  
located at the upper edge of the contours, with the axis on the lower edge of the contours. 
a) 
b) 
c) 
e) 
d) 
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3.3.3 Flow Characteristics 
In the axial direction, line plots have been extracted along the axis and the symmetry 
boundary (Figures 3-13 to 3-16), these representing the extremes of the domain and hence 
where the greatest variation can be expected. The primary parameters of interest are 
tabulated in Table 3-6. An examination of these parameters (Figures 3-13 to 3-16) 
demonstrates that the gradients in the radial direction vanish at 14 mm past the burner exit 
(z = 44 mm). Based on the fuel port diameter, df, of 1.2 mm, this corresponds to an axial 
position of 11.7df. This is confirmed by a radial plot of temperature and partial oxidation 
products at this position (Figure 3-17). This observation leads to the conclusion that the 
flow behaviour downstream from this position can be described as plug flow. 
Table 3-6. Relevant output parameters for examining the flow characteristics. 
System Parameters Major Species and Partial 
Oxidation Products 
Complete Combustion Products Minor Species 
Temperature CH4 
CO 
H2 
CO2 
H2O 
C2H6 
C2H4 
C2H2 
 
 
Figure 3-13. Temperature variation in the z (axial) direction along the boundaries. 
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Figure 3-14. Major species and partial oxidation products variation in the z (axial) direction along the boundaries. 
 
 
Figure 3-15. Complete oxidation products variation in the z (axial) direction along the boundaries. 
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Figure 3-16. Minor species variation in the z (axial) direction along the boundaries. 
 
An inspection of the gradients in species and temperature (Figures 3-13 to 3-16) shows 
large changes for z < 35 mm. This region corresponds to the primary flame zone and is an 
indication of the rapid reaction occurring there. The downstream region is fairly flat which 
is characteristic of the slow time-scales of the reforming reactions occurring in this 
secondary flame zone.  
 
 
Figure 3-17. Radial plot of temperature, major species and partial oxidation species at z = 44mm. 
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3.3.4 Mass Balance 
The consistency of the simulation was checked via an elemental mass balance on atomic 
carbon, hydrogen and oxygen. The values were taken from the inlet feed streams, and at 
the outlet of the domain. The species considered account for 99.9% of the mass at the 
outlet. As can be seen in Table 3-7, almost all of the mass is accounted for, confirming the 
reliability of the calculation. Awareness of the elemental distribution of species can 
potentially be used, in conjunction with knowledge of the mole fraction, to optimise the 
operating parameters and burner design to minimise unwanted products.  
 
 
Table 3-7. Distribution of species based on an elemental mass balance at the outlet of the domain. All species 
concentrations are in mass fractions. 
 C H O 
H2 - 44.11 - 
H2O - 34.92 52.68 
O2 - - 0.00 
CH4 11.75 11.75 - 
CO 40.02 - 30.19 
CO2 11.44 - 17.25 
C2H2 22.06 5.51 - 
C2H4 0.65 0.32 - 
C2H6 0.01 0.01 - 
C4H2 0.58 0.07 - 
C4H4 0.10 0.03 - 
C6H6 12.59 3.15 - 
Total (%) 99.18 99.87 100.12 
 
3.3.5 Conversion and Yield 
The conversion of CH4 and yield of CO and H2, are calculated from the concentrations 
averaged over the radial direction of the relevant species. As these concentrations are at the 
flame temperature, this has been adjusted to the inlet temperature of 21°C using the ideal 
gas relation (Equations 3-2 to 3-5). 
 
  ̇ ,    =  ⃗       X 
   
    
  (Equation 3-2) 
 Conversion =
 ̇   ,    ̇   ,   
 ̇   ,  
  (Equation 3-3) 
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As the yield depends on the limiting reagent, the calculation depends on the inlet ratio of 
fuel to oxygen. For methane partial oxidation, the critical value is 2. 
 
For  ̇   ,  :  ̇  ,   ≤ 2, For  ̇   ,  :  ̇  ,   > 2, 
Yield CO =  
 ̇  ,   
 ̇   ,  
  (Equation 3-4 a) Yield CO =  
 ̇  ,   
2 ̇   ,  
  (Equation 3-4 b) 
Yield H  =  
 ̇  ,   
2 ̇   ,  
  (Equation 3-5 a) Yield H  =  
 ̇  ,   
4 ̇   ,  
  (Equation 3-5 b) 
 
where A    = cross-sectional area of downstream region (m
2) 
  ̇  = molar flow rate of species i (mol/s) 
 Tin = temperature at inlet (K) 
 Tout = temperature at point of calculation (K) 
  ⃗   = velocity at point of calculation (m/s) 
 X  = mole fraction of species i 
  
The plots of the extent of conversion, and yield, confirm that while the most rapid change 
occurs in the primary flame zone, there is still some reaction occurring in the downstream 
secondary flame zone. To determine at what point downstream the reaction in the 
secondary flame zone has effectively reached completion, the extent of conversion and 
yield is compared with that at the outlet of the domain (z = 100 mm). At z = 60 mm (25df), 
the conversion has reached 97 % as compared with the outlet of the domain, which 
corresponds to 95 % of the yield of CO, and 93 % of the yield of H2, as compared with the 
yield at the outlet of the domain, with 95 % of H2 achieved at z = 65.4 mm (29.5df). The 
maximum overall conversion for this configuration is 88%, and the maximum yield is 
40 % CO (0.40 mol/mol CH4) and 44 % H2 (0.88 mol/mol CH4), both calculated at the 
outlet (Figure 3-18). While modifications in design could potentially improve the 
conversion into useful products, this result confirms that a reformer based on partial 
oxidation can be made very compact.  
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Figure 3-18. Conversion of CH4 and yield of CO and H2 variation in the z (axial) direction. Values are obtained 
from the concentrations averaged in the radial direction.  
 
3.3.6 Partial Equilibrium 
Several reactions of stable species were checked to see if they were in partial equilibrium. 
These are listed below.  
 
CO  + H  ⇌ CO + H O  .............................................................................. Reaction 3-5 
2CH  ⇌ C H  + H   .............................................................................. Reaction 3-6 
C H  ⇌ C H  + H   .............................................................................. Reaction 3-7 
2CH  ⇌ C H  + 2H   .............................................................................. Reaction 3-8 
C H  ⇌ C H  + H   .............................................................................. Reaction 3-9 
2CH  ⇌ C H  + 3H   ............................................................................ Reaction 3-10 
 C H  ⇌ C H  + 2H   ............................................................................ Reaction 3-11 
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With the assumption that all gases in the flame behave ideally, the equilibrium quotient, Q, 
is calculated from a general reaction of the form,  
 
aA + bB ⇌ cC + dD 
 
as    =
  
   
 
  
   
  (Equation 3-6) 
 where  Pi = partial pressure of species i/standard pressure 1 bar. 
 
The equilibrium constant, Kp, is calculated from the temperature using the NASA 
polynomials with the values of the coefficients of the relevant species extracted from the 
thermodynamic database of the CRECK mechanism.  
 
    =  
 ∆    ⁄  (Equation 3-7) 
 
 where  ∆  =     +     −     −     
 Gi = Gibbs function of species i 
    =    −     
NASA polynomials: 
 
  
=    +
   
2
+
   
 
3
+
   
 
4
+
   
 
5
+
  
 
 
 
 
=   ln  +     +
   
 
2
+
   
 
3
+
   
 
4
+    
 
The ratio Q/Kp for Reactions 3-5 to 3-7, and 3-9, along the axis are plotted in Figure 3-19. 
It can be seen that just after the primary flame zone (z = 33 mm, 2.5df), the water-gas shift 
reaction (Reaction 3-5), and Reactions 3-6 and 3-9, have ratios very close to 1, indicating 
that these are in partial equilibrium. The ratio for Reaction 3-7 is far from 1, as are 
Reactions 3-8, 3-10 and 3-11, which are not shown here. This indicates that these reactions 
are not in partial equilibrium, as the reaction time scales are longer than the convection 
time scales. Within the flame zone, none of the reactions examined are in partial 
equilibrium.  
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Figure 3-19. Ratio of equilibrium constants along the axis for select reactions. 
 
3.3.7 Development of a Simplified Model 
The dual structure described in Section 3.3.2 led to the development of the idea to 
characterise this model by two distinct regions. In comparison with the downstream fluid 
domain, the hot primary flame zone occupies a small fraction of the total domain, with 
residence times significantly higher than the rate of reaction. This results in effectively 
perfect mixing within this zone. These conditions can be simulated by a perfectly stirred 
reactor (PSR). As discussed in Section 3.3.3, the downstream secondary flame zone is a 
long region with negligible gradients in the radial direction but measureable changes in the 
axial direction. This zone therefore meets the criteria for a plug flow reactor (PFR).   
 
CFD simulations are time consuming to calculate due to the coupling between the 
conservation equations of mass, momentum, energy and species, and the stiff nature of 
these equations, which is exacerbated in complex chemical systems such as combustion. In 
contrast, standard models such as PSRs and PFRs are very quick to simulate due to the 
simplifying assumptions. While the effect of geometry cannot be captured by these simple 
models, reactor networks combining relevant models can capture the main features.  For 
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this reason, a reactor network of this model was created and simulated within ANSYS 
Chemkin (Kee et al. 2016), and various parametric studies were undertaken. This is 
discussed in detail in Chapter 4.  
 
3.4 Details of Parametric Cases 
Of the parameters listed in Table 1-1, only the parameter of burner material, and species 
parameters of equivalence ratio and diluents have been examined below. The geometric 
parameters were not simulated at this time, as the focus was on the particular burner used 
in this work. The flow parameter of absolute flow rate through the burner could not be 
examined due to the propagation of cold spots into the hot downstream region at total flow 
rates higher than 10 L/min, causing the simulation to fail as discussed in Section 3.2.1 
above. The relative flow rate between the oxidant and fuel streams is dependent on the 
global equivalence ratio and the influence of relative flow rate as separate from the 
equivalence ratio has therefore not been independently analysed. 
 
The parametric studies have been grouped into three broad categories. These are oxygen 
mole fraction in the oxidant with respect to equivalence ratio, diluent mole fraction in both 
the fuel and oxidant, and the impact of the burner material. The values plotted are the 
average in the radial direction at the outlet of the computational domain (z = 100 mm). All 
cases qualitatively share the same features discussed in Section 3.3.1. 
3.4.1 Oxygen Mole Fraction in the Oxidant 
Three oxygen mole fractions (XO₂= 0.4, 0.5, and 0.6) within the oxidant were considered 
for equivalence ratios 2.5, 3.0, 3.5 and 4, with XO₂ = 1.0 evaluated for φ = 3.0 only. The 
oxidant balance is N2, and the fuel stream is pure CH4. The total flow rate for each case 
was kept constant at 10 L/min through 45 ports. As the focus of this research is to 
investigate conditions under which the production of syngas is maximised while 
minimising soot, only temperature, mole fractions of CH4, CO, H2, and acetylene (as a 
surrogate for soot), and conversion and yield are examined. Figures 3-20 and 3-21 plot the 
effect of these parameters on temperature, CH4, CO and H2 mole fractions, and conversion 
and yield, while acetylene is examined in Figure 3-22. The results have been taken as the 
average in the radial direction from the outlet plane of the simulation domain 
(z = 100 mm). 
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3.4.1.1 Trends in Temperature, Mole Fractions, Conversion and Yield 
Increasing the oxygen mole fraction has the same trend on these parameters irrespective of 
equivalence ratio. For combustion reactions, a higher O2 mole fraction increases the 
adiabatic flame temperature, and for all equivalence ratios examined, the temperature 
increases with increasing O2 mole fraction. The magnitude of increase decreases with 
increasing equivalence ratio, eventually reaching approximately 1500 K at φ = 4.0 for all 
O2 mole fractions considered. However, while the temperature remains the same for richer 
equivalence ratios with increasing O2 mole fraction, the composition in the downstream 
region varies considerably (Figure 3-20). 
 
 
Figure 3-20. Effect of XO₂ with respect to equivalence ratio on temperature, CH4, CO and H2. Values are taken as 
the average in the radial direction at the outlet of the simulation domain (z = 100 mm). 
 
With respect to the equivalence ratio, as the feed mixture becomes richer, the temperature 
decreases. There is therefore a larger amount of unreacted CH4, and hence lower 
conversion, which has a corresponding decrease in the other parameters (Figures 3-20 
and 3-21).  
 
The O2 mole fraction has a larger effect on the yield of partial oxidation products than on 
the conversion of CH4, with XO₂ = 1.0 resulting in the highest yield and conversion. An 
increase in O2 mole fraction increases yield and conversion for all equivalence ratios 
(Figure 3-21). In addition to increasing yield, this is advantageous for downstream 
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processing as processes which use syngas mostly require high pressure and therefore do 
not tolerate N2 as the cost of compression of a diluted feed stream is high (Hu & 
Ruckenstein 2004).  
 
 
 
Figure 3-21. Effect of XO₂ with respect to equivalence ratio on conversion of CH4 and yield of a) CO and, b) H2. 
Values are taken as the average in the radial direction at the outlet of the simulation domain (z = 100 mm). 
 
As a final observation, increasing O2 mole fraction has a greater effect on H2 yield as the 
equivalence ratio increases, while for CO yield, the improvement is fairly flat.  
a) 
b) 
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3.4.1.2 Trends in Acetylene 
Figure 3-22 plots acetylene mole fraction, which is used as an indication of sooting 
tendency as described in Section 3.2.1. For φ = 2.5, increasing the O2 mole fraction 
decreases the acetylene concentration, however for the three richer equivalence ratios, this 
trend is reversed with the concentration of acetylene increasing with increasing O2 mole 
fraction. The magnitude of the difference in acetylene concentration between φ = 2.5 and 
φ = 3.0 also increases with increasing oxygen mole fraction. The reasons for the change in 
the trend are not obvious at the level of modelling under taken in this study. 
 
Because of the unknown reasons behind the change in observed concentration of acetylene 
between φ = 2.5 and φ = 3.0, no comment is made about the sooting tendency at 
conditions leaner than φ = 3.0.  
 
 
Figure 3-22. Effect of O2 mole fraction in oxidant with respect to equivalence ratio on C2H2 as an indication of 
sooting tendency. Values are taken as the average in the radial direction at the outlet of the simulation domain 
(z = 100 mm). 
 
There is a peak in acetylene concentration at φ = 3.0. Disregarding φ = 2.5, the acetylene 
concentration follows the trend in temperature. This behaviour agrees with expectation as 
for a diffusion flame, the sooting tendency is dependent on the pyrolysis of the fuel, which 
becomes more favourable as the temperature increases (Gomez et al. 1984). As increasing 
the O2 mole fraction increases the temperature, it follows that the acetylene concentration 
also increases with O2 mole fraction. 
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In summary, both equivalence ratio and oxygen mole fraction in the oxidant have a 
significant effect on the results examined. However, as the equivalence ratio of the feed 
stream is increased, these two parameters demonstrate less effect on the results, except for 
acetylene which shows greater change with increasing equivalence ratio. This is also the 
case with increasing O2 mole fraction. Overall, of these two parameters, changing the 
equivalence ratio appears to have a more significant effect on the products than oxygen 
mole fraction.  
 
3.4.2 Effect of Diluents 
Four diluent species were simulated with various concentrations in both the fuel and 
oxidant streams. These were N2, H2, CO2, and H2O. These species were selected for a 
number of reasons. While nitrogen forms pollutant NOx species in the combustion 
reaction, the concentrations are in the ppm range. Consequently, it primarily acts as a 
thermal sink in this system. It is therefore used to isolate the thermal effect of diluents. 
Addition of hydrogen represents recycling part of the product stream, and carbon dioxide 
and water participate in the water-gas shift, dry reforming and steam reforming reactions, 
affecting the final concentrations and yield of H2 and CO, as well as the H2:CO ratio.  
 
These species were introduced separately into the fuel and oxidant streams to observe 
whether the direction of diffusion through the flame front had significant impact on the 
conversion and yield of the product stream. Therefore for each diluent concentration there 
are two cases, one with the diluent added to the fuel inlet and the second with the diluent 
added to the oxidant inlet. 
 
The base flame used corresponds to φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. The 
equivalence ratio was calculated only on the base flame, without accounting for the fuel or 
oxidiser contributions of the diluents. For the parametric cases, the mole fractions of the 
fuel and oxidiser streams were adjusted to include the diluent and maintain the total flow 
rate at 10 L/min. With respect to the nitrogen, the base flame contains a mole fraction of 
0.6 in the oxidant. The CH4:N2 ratio is based only on the additional nitrogen. The results 
have been taken as the average in the radial direction from the outlet plane of the 
simulation domain (z = 100 mm). The cases examined are listed in Table 3-8.  
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Table 3-8. List of diluent parametric cases. Each diluent species was independently added to the fuel or oxidiser 
stream to see if the direction of diffusion through the flame front impacted the results.  
Based on φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. 
Diluent Molar  
CH4:Diluent Ratio 
Fuel Oxidiser 
N2 3, 5, 10 3, 5, 10 
H2 3, 5, 10 3, 5, 10 
CO2 10 10 
H2O 10 10 
 
3.4.2.1 Increasing Diluent Concentration 
The effect of increasing dilution was only examined for N2 and H2. The three CH4:diluent 
ratios of 10, 5 and 3 correspond to molar concentrations of 3.6 %, 7 % and 11 % as based 
on the global inlet concentration, respectively.  
 
The first point of note is that increasing the concentration of a diluent in a particular feed 
stream increases its effect for all parameters.  
 
 
Figure 3-23. Effect of diluent concentration on temperature as compared with the undiluted base flame of φ = 3.0, 
Vtot = 10 L/min and XO₂ = 0.4. Values are taken as the average in the radial direction at the outlet of the simulation 
domain (z = 100 mm). Labels indicate which stream has been diluted.  
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A comparison of the temperature of the parametric cases with the base case shows that 
both diluents act as a thermal sink (Figure 3-23). Although for all concentrations 
considered the deviation is quite low, there is measurable effect on the parameters of 
interest. In comparison with N2, there is less decrease in temperature for H2, despite their 
similar heat capacities. This is caused by the heat absorption of hydrogen being offset by 
the exothermic reaction of hydrogen with the available oxygen in the primary flame zone 
to produce water. Following the decreasing trend in temperature, conversion of CH4 also 
decreases (Figure 3-24a) as more methane remains unreacted. 
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Figure 3-24. Effect of diluent concentration on a) Conversion, b) CO yield and, c) H2 yield as compared with the 
undiluted base flame φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. Values are taken as the average in the radial direction 
at the outlet of the simulation domain (z = 100 mm). Labels indicate which stream has been diluted. 
a) 
b) 
c) 
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With respect to dilution by N2, regardless of whether additional nitrogen is added to the 
fuel or oxidant stream, conversion, yield, and acetylene concentration decreases 
(Figures 3-24 and 3-26). As nitrogen is only acting as a thermal sink, these effects can be 
fully explained by the decrease in temperature.  
 
Dilution by hydrogen also results in lower conversion and lower yield. However, despite a 
decreasing trend in H2 yield with an increase in dilution, the H2 mole fraction increases 
(Figure 3-25). This indicates a lower selectivity to formation of H2 when it is added to the 
feed streams. 
 
 
Figure 3-25. Effect of diluent concentration on H2 mole fraction as compared with the undiluted base flame of φ = 
3.0, Vtot = 10 L/min and XO₂ = 0.4. Values are taken as the average in the radial direction at the outlet of the 
simulation domain (z = 100 mm). Labels indicate which stream has been diluted. 
 
Finally, despite a decreasing trend in temperature which would suggest a lower propensity 
for sooting, an increase hydrogen dilution results in an increase in acetylene production, 
and hence sooting tendency (Figure 3-26). 
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Figure 3-26. Effect of diluent concentration on C2H2, as an indication of sooting tendency, as compared with the 
undiluted base flame of φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. Values are taken as the average in the radial 
direction at the outlet of the simulation domain (z = 100 mm). Labels indicate which stream has been diluted. 
 
3.4.2.2 Effect of Different Diluents at Fixed Concentration 
A fixed CH4:diluent ratio of 10 was used to examine the impact of different diluents on the 
base case. This corresponds to a molar concentration of 3.6 % based on the global flow 
rate.  
 
Examining the temperature of each of the cases diluted with N2, H2, CO2 and H2O, each of 
the diluents act to reduce the temperature, which indicates that they behave as a thermal 
sink (Figure 3-27). As discussed in Section 3.4.2.1 above, the temperature is less affected 
by addition of H2 as compared with N2, as despite their similar heat capacities, N2 is an 
inert while reaction of H2 is exothermic. However, CO2 and H2O have a greater impact on 
the temperature than N2. The heat capacities of CO2 and H2O are much higher as compared 
with N2, and therefore these species absorb more heat from the system. There may also be 
a chemical effect as these species promote the endothermic dry and steam reforming 
reactions. Consequently this results in reduced conversion for all species, with the same 
relative magnitude of impact in both temperature and conversion. 
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Figure 3-27. Effect of diluents on temperature for CH4:diluent = 10 as compared with the undiluted base flame of 
φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. Values are taken as the average in the radial direction at the outlet of the 
simulation domain (z = 100 mm). Labels indicate which stream has been diluted. 
 
Although dilution results in lower conversion of methane, this does not necessarily mean 
lower yield. Addition of CO2 promotes the formation of CO and H2O, with a 
corresponding decrease in H2 (Figure 3-28 and 3-30). This can be attributed to the 
water-gas shift reaction.  
 
However, addition of both H2 and H2O reduce the yield of H2. As discussed in 
Section 3.4.2.1 above, with respect to H2, this does not mean a lower concentration in the 
products of H2 but rather a lower selectivity to its formation. This is not the case for H2O, 
where the concentration of H2 in the products is reduced (Figure 3-29). The lower 
selectivity with respect to H2 dilution can be attributed to H2 promoting the formation of 
H2O (Figure 3-30).  
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Figure 3-28. Effect of diluents on a) Conversion, b) CO yield and, c) H2 yield for CH4:diluent = 10 as compared 
with the undiluted base flame φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. Values are taken as the average in the radial 
direction at the outlet of the simulation domain (z = 100 mm). Labels indicate which stream has been diluted. 
a) 
b) 
c) 
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Figure 3-29. Effect of diluents on H2 mole fraction CH4:diluent = 10 as compared with the undiluted base flame of 
φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. Values are taken as the average in the radial direction at the outlet of the 
simulation domain (z = 100 mm). Labels indicate which stream has been diluted. 
 
Figure 3-30. Effect of diluents on H2O mole fraction CH4:diluent = 10 as compared with the undiluted base flame 
of φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. Values are taken as the average in the radial direction at the outlet of the 
simulation domain (z = 100 mm). Labels indicate which stream has been diluted. 
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Investigation of the impact of these diluents on sooting tendency is shown by the 
concentration of acetylene in Figure 3-31. Of the species investigated, only H2 increases 
the acetylene concentration and hence the sooting tendency. With respect to N2 and H2O 
addition, it is well known that dilution by these species will reduce soot formation. A 
detailed explanation of the trend for H2 and CO2 dilution is less apparent at the level of 
modelling undertaken in this study as the chemical mechanism is complex. 
 
 
Figure 3-31. Effect of diluents on C2H2, as an indication of sooting tendency, for CH4:diluent = 10 as compared 
with the undiluted base flame of φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. Values are taken as the average in the 
radial direction at the outlet of the simulation domain (z = 100 mm). Labels indicate which stream has been 
diluted. 
 
In summary, diluents affect the product composition, conversion and yield. Whether the 
impact is greater when supplied in the fuel or oxidant stream is dependent both on the 
diluent and the parameter of interest. Under the conditions examined here it appears that 
CO2 has the largest effect however whether any diluents are of benefit to the design of the 
reaction depends on the desired goal. In terms of the focus of this research, further 
investigation into the impact of various diluents needs to be explored to see if there is any 
benefit in maximising the production of syngas while reducing the production of soot. 
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3.4.3 Burner Material 
As this flame is burner stabilised, there is some heat transfer back to the burner. The effect 
of heat conduction down the solid part of the burner on the flame structure and 
composition was therefore examined. Two different materials were considered, steel and 
aluminium. These materials were chosen as there is an order of magnitude difference in the 
thermal conductivities of these materials. The properties of these materials were taken 
from the ANSYS Fluent database (Table 3-9).  
 
Table 3-9. Solid properties of burner material, taken from ANSYS Fluent. 
 Steel Aluminium 
Thermal Conductivity (W/m.K) 16.27 202.4 
Density (kg/m3) 8030 2719 
Specific Heat (J/kg.K) 502.48 871 
 
The boundary conditions are the same for both cases and correspond to φ = 3.0, 
Vtot = 10 L/min and XO₂ = 0.4. 
 
Contour plots of temperature along the inlet region (Figure 3-32) clearly show a significant 
increase in heat conduction for the aluminium burner as compared with steel, with a 
corresponding increase in reactant preheating. This has negligible effect on the hot primary 
flame zone.  
 
Comparing values, averaged in the radial direction, at the outlet of the domain 
(z = 100 mm) of temperature, CH4, CO, H2 and C2H2 mole fraction, and CO and H2 yield, 
there is little difference in these values (Table 3-10). The higher heat conduction along the 
aluminium results in a slight decrease in yield. 
 
Table 3-10. Impact on parameters of interest at the outlet of the computational domain (z = 100 mm) for different 
burner material. Values are taken as the average in the radial direction. 
Temperature (K) 
Mole Fraction Yield 
CH4 CO H2 C2H2 CO H2 
Aluminium 1589 0.037 0.117 0.258 0.032 0.390 0.429 
Steel 1596 0.035 0.120 0.262 0.033 0.401 0.439 
Percentage 
difference relative 
to steel (%) –0.47 6.26 –2.32 –1.77 –1.66 –2.83 –2.28 
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Figure 3-32. Contour plots of temperature along the inlet region for a) steel and, b) aluminium burner material. 
The symmetry boundary is located at the upper edge of the contours, with the axis on the lower edge of the 
contours. 
 
From this study, the burner material therefore has little influence on the reactions. This 
may be advantageous for design of the cooling system, preventing damage to the burner.  
 
3.5 Summary 
Computational fluid dynamics modelling was performed using ANSYS Fluent. An 
appropriate mechanism for the conditions to be modelled was selected from literature, 
called CRECK C1-C3, and was verified in both ANSYS Fluent and ANSYS Chemkin 
using a 1D premixed burner stabilised flame against the well-established GRI Mech 3.0 
mechanism and literature conditions. Excellent agreement between literature, ANSYS 
Fluent and ANSYS Chemkin was achieved.  
 
Following this, the diffusion burner was modelled using a 2D axisymmetric slice of a 
single port as the unit cell. The geometry selected is based on the burner used for 
experimental measurements. The calculation methodology was optimised for the most 
efficient convergence and the solution was confirmed to be independent of the mesh used. 
Initially, a base case was selected and analysed for its major features. It was determined 
a) 
b) 
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that this geometry results in an open tipped flame with a dual zone structure – a compact 
hot primary flame zone located at the outlet of the burner, followed by a long secondary 
flame zone characterised by the predominance of slow reforming reactions. This was 
followed by a parametric study which examined the effect of three groups of variables. 
These consisted of the oxygen mole fraction in the oxidant with respect to equivalence 
ratio, diluent mole fraction in both the fuel and oxidant, and the impact of the burner 
material. The total flow rate through the burner was kept constant at 10 L/min through 45 
ports for all cases. In terms of the yield of hydrogen and carbon monoxide, it was 
concluded that the reaction was very sensitive to oxygen mole fraction and equivalence 
ratio, with the highest yield at high oxygen mole fraction and low equivalence ratio, and 
that burner material had negligible effect. The results from the study of diluents are more 
complicated, however of the diluents of N2, H2, CO2 and H2O considered, most resulted in 
lower yield. Only diluting with CO2 improved the yield of carbon monoxide at the expense 
of hydrogen via the water-gas shift.  
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4. Chemical Kinetics Modelling 
It was determined from the computational fluid dynamics modelling (Section 3.3.7) that 
the reaction zone created by the multiport burner could be broken down into two regions, 
leading to the development of a simple reactor network to represent the reactor. This 
approach decouples the fluid dynamics from the chemical kinetics and hence significantly 
decreases the computational time required. The kinetics calculation for this modelling was 
performed in ANSYS Chemkin v17.1 (Kee et al. 2016). While this approach cannot 
capture the geometric features, it can be used to examine the effect of diluents and 
composition. Trends from these parametric studies can then be used to identify optimum 
settings for the maximum production of hydrogen and syngas, while minimising 
undesirable products such as soot.  
 
4.1 Model Setup 
Two different reactor networks were used. To examine the impact of equivalence ratio and 
oxygen mole fraction, a reactor network consisting of a perfectly stirred reactor (PSR) to 
represent the fast chemistry of the hot primary flame zone, is followed by a plug flow 
reactor (PFR) for the slow reforming reactions in the downstream secondary flame zone as 
discussed in Section 3.3.7 (Figure 4-1). The PSR and PFR models used are the standard 
models available in the ANSYS Chemkin library. All cases use the CRECK C1-C3 
mechanism (Cuoci et al. 2013) which was verified in Section 3.1. 
 
 
Figure 4-1. Reactor network model of the laminar diffusion flame burner for examination of the effects of 
equivalence ratio and oxygen mole fraction. 
 
The feed flow rate was set to 3.703 cm3/s, which corresponds to a flow of 10 L/min 
through 45 ports. The inlet temperature was set at 300 K. The initial composition was 
defined using the equivalence ratio and specifying the composition of the fuel and oxidiser. 
The complete combustion products considered are CO2, H2O and N2. 
 
Outlet Inlet PSR PFR 
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The PSR uses the steady state solver, and solves the gas energy equation (Table 4-1). A 
residence time of 3.0 s was chosen to provide sufficient time for the reaction to ignite 
under all conditions. The initial reactor temperature ignites the reaction by assuming that 
the initial composition is the equilibrium composition at this temperature. A parametric 
study examining initial reactor temperatures between 1000 K and 2000 K showed that the 
final temperature of the reactor was unaffected at values over 1100 K. Therefore the 
reactor temperature was set at 1500 K, which provides sufficient energy to start the 
reaction for all conditions. The pressure was set to 1 atm. All other settings were left as 
their default. 
 
The PFR solves the gas energy and momentum equations, and calculates the residence time 
(Table 4-1). The diameter was set to 3.8 mm, which is the diameter of the unit cell used in 
the CFD calculations. The domain length of 70 mm was selected to ensure residence times 
were comparable with the downstream section of the CFD model. The initial temperature 
was that of the PSR upstream. The pressure was set to 1 atm. All other settings were left as 
their default. 
 
Table 4-1. Governing equations used in chemical kinetics modelling1. 
PSR 
Mass  ̇∗ −  ̇ = 0 
Species  ̇∗(Y 
∗ − Y ) +  ̇      = 0 
Energy 
 ̇∗  (Y 
∗  
∗)
 
   
−   ̇   Y   
 
   
  = 0 
PFR 
Mass 
  ⃗
  
  
+   
  ⃗
  
+  ⃗ 
  
  
= 0 
Species 
  ⃗ 
 Y 
  
=  ̇  M  
Momentum 
 
  
  
+   ⃗ 
  ⃗
  
= 0 
Energy 
  ⃗     ℎ 
 
   
 Y 
  
+   
  
  
+  ⃗
  ⃗
  
  = 0 
Residence Time   
  
=
1
 ⃗
 
1 Refer to Nomenclature for definition of terms. 
* indicates inlet properties. 
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A second reactor network was used to simulate various diluents. The only modification to 
the previous model was to split the feed stream to ensure that the base equivalence ratio 
calculation was unaffected (Figure 4-2). The sum of the base inlet and diluent inlet flow 
rates was maintained at 3.703 cm3/s for various diluent concentrations. Both inlets were set 
at 300 K and 1 atm. 
 
 
Figure 4-2. Reactor network model of the laminar diffusion flame burner for examination of the effect of various 
diluents. 
 
The diluent cases chosen match those assessed in Section 3.4.2. A comparison of these 
results with the CFD analysis is presented in Section 6.1.3. The results of the effects of 
oxygen mole fraction in the oxidant and equivalence ratio are discussed below.  
 
4.2 Oxygen Mole Fraction in the Oxidant 
The effect of oxygen mole fraction with respect to equivalence ratio was examined for 
φ = 2.0 – 4.0 in intervals of 0.1, and XO₂ = 0.2 – 1.0 in intervals of 0.1. The oxidant 
balance is N2, and the fuel stream is pure CH4. The values plotted are extracted from the 
end of the PFR domain, at 70 mm. 
 
4.2.1 Trends in Temperature, Mole Fractions, Conversion and Yield 
The temperature of the system increases with increasing oxygen mole fraction and with 
leaner conditions (Figure 4-3). This is to be expected as the adiabatic flame temperature 
increases with less dilution, with a maximum occurring at φ = 1.0. The impact of 
equivalence ratio on the temperature of the system decreases with increasing equivalence 
ratio, plateauing at equivalence ratios greater than 3.0. This corresponds to an increase in 
unconverted CH4 (Figures 4-4 and 4-5). Profiles of C2H6 (Figure 4-6) mirror those of CH4, 
Outlet 
Base 
Inlet 
PSR PFR 
Diluent 
Inlet 
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with increasing production at lower oxygen concentrations and rich conditions. This can be 
attributed to the combination of CH3* radicals due to the lack of available oxygen. 
 
 
Figure 4-3. Contour of the effect of O2 mole fraction in the oxidant with respect to φ on temperature.  
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Figure 4-4. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on CH4 mole 
fraction.  
   
Figure 4-5. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on conversion.  
   
Figure 4-6. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on C2H6 mole 
fraction.  
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Comparing the partial oxidation products with their complete oxidation counterparts 
demonstrates that the trends in concentration are complementary. Where the maximum 
partial oxidation product occurs, generally there is the minimum concentration of the 
complete oxidation product and vice versa, though this trend is not exact. This indicates 
that conditions which prefer one are detrimental to the production of the other. This is the 
case for both CO and CO2 (Figures 4-8 and 4-9), and H2 and H2O (Figures 4-11 and 4-12). 
The remainder of the hydrogen can be accounted for by unconverted methane and the C2 
species (Figures 4-4, 4-6, and 4-7). This may be beneficial to burner design, as a 
preference for a particular product is inherently associated with a reduction in some 
undesirable by-products. The concentration of CO and H2 increases with increasing oxygen 
mole fraction, with a maximum at XO₂ = 1.0. In general, at high oxygen mole fractions, 
concentrations of CO and H2 are sensitive to equivalence ratio, with negligible differences 
at low oxygen mole fractions. With respect to equivalence ratio, the maximum 
concentrations of the partial oxidation products occurs in the middle of the range 
examined, around 2.4 to 2.8 for CO and 2.6 to 3.4 for H2.  Overall, oxygen mole fraction 
appears to have more effect on CO and H2 mole fractions than does equivalence ratio. The 
reasons for this trend are not apparent at the level of modelling undertaken in this study.  
 
 
Figure 4-7. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on C2H4 mole 
fraction. 
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Comparing mole fractions of CO and H2 with their yields (Figures 4-10 and 4-13), 
demonstrates good agreement between these parameters, though areas of maximum yield 
occupy more of the parameter space. This indicates that regions of maximum concentration 
also demonstrate good selectivity towards partial oxidation products, though selectivity 
towards H2 is reduced at low equivalence ratios as the higher oxygen availability favours 
the more thermodynamically stable H2O. It also highlights regions which are favourable to 
optimum hydrogen and syngas production, as a maximum yield does not necessarily 
indicate maximum product generation. The maximum concentrations of CO and H2 are 
> 30 % and > 49 % respectively, which corresponds to yields of > 87 % and > 73 %.  
 
In addition, the region of maximum conversion overlaps reasonably well with the 
maximum yield of both CO and H2, which is promising for a burner using partial oxidation 
to produce syngas. The extent of conversion is more affected by equivalence ratio than 
oxygen mole fraction. However in regions of high conversion, the product distribution 
varies across these two parameters, such that an industrially useful composition is not 
always achieved. The location of high syngas yield and conversion occurs at low 
concentrations of nitrogen. This is advantageous for downstream applications which 
typically require high pressure, as it minimises the expense of compression of a vitiated 
inlet stream (Hu & Ruckenstein 2004). 
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Figure 4-8. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on CO2 mole 
fraction. 
   
Figure 4-9. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on CO mole 
fraction. 
   
Figure 4-10. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on CO yield. 
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Figure 4-11. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on H2O mole 
fraction. 
   
Figure 4-12. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on H2 mole 
fraction. 
   
Figure 4-13. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on H2 yield. 
Page | 74 
 
4.2.2 Trends in Acetylene 
 
 
Figure 4-14. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on C2H2 
mole fraction as an indication of sooting tendency. 
 
The production of acetylene is used as a surrogate to get an indication of sooting tendency, 
since soot is not included in the CRECK mechanism, as it is the fundamental precursor 
species for soot formation. Soot results from the competition between the formation of soot 
precursors due to fuel pyrolysis, and oxidative attack.  While both increase with increasing 
temperature, the latter increases at a faster rate. This means for a premixed system, a higher 
temperature results in a lower sooting tendency while for a diffusion flame, a higher 
temperature results in a greater sooting tendency as the soot precursors are produced on the 
fuel side of the flame, and hence are protected from being oxidised until these pass through 
the flame front further downstream (Gomez et al. 1984). The PSR model does not account 
for diffusion, and consequently this reactor behaves as a premixed system. It therefore 
follows that at low equivalence ratios and high oxygen mole fractions, which corresponds 
to the region of high temperature, that no acetylene is produced (Figure 4-14), as all of the 
carbon is oxidised either to CO or CO2. Even at rich conditions, where there is limited 
oxygen, a high oxygen mole fraction in the oxidant does have a somewhat higher 
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temperature than a low oxygen mole fraction. Therefore at rich conditions, the trend in 
acetylene can be partially explained by the hotter temperatures favouring fuel pyrolysis, 
and consequently acetylene production, which drops off with decreasing temperature due 
to a decreasing oxygen mole fraction. However, the gradients at these rich conditions 
cannot be explained by the change in oxygen availability and temperature alone, as the 
temperature difference over this range is minimal. A complete understanding of acetylene 
production and hence sooting tendency is therefore not apparent from an analysis of the 
contour plots in isolation. Finally, at the location of maximum CO and H2, there is a 
moderate amount of acetylene, indicating that methods to mitigate the formation of soot 
precursors need to be investigated as part of an optimal burner design.  
 
4.2.3 Trends H2:CO Ratio 
Downstream processes which use syngas typically require an H2:CO ratio in a specific 
range. For many applications, including the Fischer-Tropsch process (Peña et al. 1996; Xu 
et al. 2014; Vernon et al. 1990), and production of methanol (Peña et al. 1996; Xu et al. 
2014; Vernon et al. 1990), DME and acetic acid (York et al. 2007), oxo-alcohols, and 
isocyanates (Vascellari et al. 2015), this ratio is around 2, which is the theoretical value of 
the partial oxidation reaction of methane. However, over the parameter range examined, 
the H2:CO ratio varies between 1.22 to 2.22 (Figure 4-15). A comparison of the relative 
yields of H2 and CO (Figures 4-10 and 4-13) reveals that at low equivalence ratios, H2 
yield is reduced, as the higher oxygen availability preferences production of H2O, while at 
rich equivalence ratios CO yield is reduced through formation of CO2 via the water-gas 
shift reaction. The optimum H2:CO ratio of 2 occurs at approximately φ = 3.3 which does 
not correspond to the locations of maximum concentration, yield or conversion. 
Additionally, this intersects an area of relatively high acetylene concentration, all of which 
is detrimental to the maximum production of syngas and hydrogen.  
 
While the H2:CO ratio is strongly dependent on equivalence ratio, it is interesting to note 
that up to φ = 3.1 for all XO₂, and for φ = 3.1 to 4.0 for XO₂ greater than 0.4, it is unaffected 
by oxygen mole fraction. This demonstrates that the yields of both CO and H2 are equally 
affected by dilution and it is the C:O ratio which is the dominant factor. This can also be 
seen in the contours of CO and H2 concentration (Figures 4-9 and 4-12) which have the 
same trend. At conditions corresponding to φ = 3.1 to 4.0 and XO₂ = 0.2 to 0.4, the H2:CO 
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ratio does depend on the oxygen mole fraction. This behaviour is caused by the drop off in 
CO yield at leaner conditions than H2 yield, which again can be attributed to the water-gas 
shift reaction.  
 
 
Figure 4-15. Contour of the effect of O2 mole fraction in the oxidant with respect to equivalence ratio on H2:CO 
ratio. 
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4.3 Rates of Production Analysis 
To elucidate the details of the chemistry of this system, a rates-of-production (ROP) 
analysis was performed for φ = 2.0, XO₂ = 1, φ = 2.8, XO₂ = 1 and φ = 4.0, XO₂ = 1. These 
correspond to the locations of maximum complete oxidation products, maximum syngas 
yield, and maximum sooting condition respectively. The values for the ROP were taken at 
the end of the calculation for the PSR, and at the end of the 70 mm domain for the PFR. 
 
The ROP is calculated as,  
 ROP = ki,f – ki,r (Equation 4-1) 
 where  ki,f = rate of forward reaction of species i 
  ki,r = rate of reverse reaction of species i 
 
For reversible reactions, the ROP is exported directly from ANSYS Chemkin. If the 
reaction is irreversible, only the forward reaction rate is considered. In cases where the 
forward and reverse reactions are written as an irreversible pair, the ROP is evaluated by 
taking the reaction rate of the first reaction as ki,f, the second reaction as ki,r, and 
substituting into Equation 4-1. 
 
4.3.1 Species Net Rates of Production 
The net ROP for each species was first examined (Figure 4-16) and compared with the 
relevant contour plots. Positive values indicate production, while negative values show 
consumption of the relevant species. 
 
For all cases, the magnitude of the ROP in the PFR is less than those for the PSR, verifying 
that the primary flame zone is characterised by fast reactions, and the secondary 
downstream region consists of slower reactions. In fact, at the leanest condition of φ = 2.0, 
XO₂ = 1, the reaction goes to completion in the PSR. Looking at the net ROP by summing 
over the PSR and PFR, these show excellent correspondence with the final species 
concentrations. Of particular note, is the interesting behaviour of the complete oxidation 
products. At the condition of maximum yield (φ = 2.8, XO₂ = 1), the complete oxidation 
products formed in the PSR are almost equally consumed in the PFR, while at the extremes 
of the domain, the relative rates result in net production. It is also evident that all of the 
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oxygen is consumed in the PSR, except at very rich conditions, and the ROP of syngas are 
significant in both stages of the flame.  
 
 
Figure 4-16. Net rates-of-production for major species. 
 
4.3.2 Reaction Pathway Analysis 
An assessment of the specific reaction pathways resulting in the net ROP for each species 
was undertaken for CH4, H2O, H2, CO2, CO and C2H2. Each graph has the reaction rates 
plotted with respect to that species, with positive values indicating production of that 
species, and negative values showing consumption. Some reactions with low ROP have 
been removed for clarity. 
 
4.3.2.1 CH4 Reaction Pathway Analysis 
The primary barrier to reaction initiation is the high energy required to break the CH3–H(g) 
bond (439.3 kJ/mol (Enger et al. 2008)). It is therefore unsurprising that this is achieved 
not by self-decomposition (R22), but by attack of H* (R405), and to a lesser extent, OH* 
(R629+973) and CH3* (R117) (Figure 4-17). In fact, under certain conditions in the PSR, 
H* recombines with CH3* to re-form CH4, reducing the radical pool required to initiate the 
reaction. While these H abstraction reactions are the primary CH4 consumption channels in 
both the PSR and PFR, self-decomposition starts to contribute to CH4 conversion in the 
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PFR as the equivalence ratio is increased. However, under very rich conditions (φ = 4.0, 
XO₂ = 1), the CH3* radical preferentially recombines with hydrogen from other 
hydrocarbons (R648+1283, R656 and R683), which includes the soot precursors of 
acetylene and benzene, as the concentrations of these species under this condition are 
significant, resulting in net unconverted CH4.  
 
 
Figure 4-17. Rates-of-production for dominant reactions for CH4. Positive direction indicates production. 
 
4.3.2.2 H2O Reaction Pathway Analysis 
The dominant channel for H2O in both the PSR and PFR is the oxidation of H2 (R402), 
followed by the oxidation of CH4, both by OH* (R629+973) (Figure 4-18). For CH4 
pyrolysis to form H2O, CH4 oxidation can be classified as a direct pathway, while H2 
oxidation is an indirect pathway. While direct CH4 oxidation always favours the 
production of H2O, the indirect oxidation pathway with H2 as an intermediate, changes 
from production in the PSR to consumption in the PFR, demonstrating that this is the 
major channel accounting for the change in H2O concentration across the range of 
equivalence ratios examined. The water-gas shift reaction (R21) does not contribute 
significantly to the concentration of H2O over the three conditions considered.  
 
H+CH3*(+M)<=>CH4(+M):  R22
CH3*+CH4=>C2H6+H*:  R117
OH*+CH3*<=>O*+CH4:  R258
CH4+CH*<=>C2H4+H*:  R310
H*+CH4<=>H2+CH3*:  R405
OH*+CH4<=>H2O+CH3*:  R629+973
C2H3*+CH4=>C2H4+CH3
C6H5*+CH4<=>C6H6+CH3
CH3*+C2H2=>CH4+C2H*:  R656
CH3*+C2H4=>CH4+C2H3
-1.5x10
-6
-1.0x10
-6
-5.0x10
-7 0.0 5.0x10
-7
1.0x10
-6
ROP (mol cm
-3
 s
-1
)
Reactor
  PFR
  PSR
 (X
O
2
= 1)
  4.0
  2.8
  2.0
CH
4
 ROP
Page | 80 
 
 
Figure 4-18. Rates-of-production for dominant reactions for H2O. Positive direction indicates production.  
 
4.3.2.3 H2 Reaction Pathway Analysis 
With respect to H2 production (Figure 4-19), the dominant channel in the PSR is via CH4 
pyrolysis by H* (R405), which directly forms H2, though there is significant contribution 
via the oxidation of intermediate C2H4 by H* (R618+679). However in the PFR, the 
dominant channel depends on equivalence ratio. At φ = 2.8, XO₂ = 1, H2 is formed 
primarily by the reduction of H2O by H* (R402) while at φ = 4.0, XO₂ = 1 the dominant 
channel is the same as for the PSR, direct CH4 pyrolysis with H*. This change in pathway 
can be attributed to the difference in CH4 concentration at these two conditions, with an 
excess of unconverted CH4 at φ = 4.0, XO₂ = 1, as compared with almost zero 
concentration of CH4 at φ = 2.8, XO₂ = 1.  
 
The main consumption pathways in the PSR are via the oxidation of H2 by O* (R2) and 
OH* (R402) due to the high availability of oxygen in this reactor, though the benzene 
formation reaction (R505) becomes significant at φ = 4.0, XO₂ = 1 as the concentration of 
oxygen decreases. For the PFR, the dominant consumption channels are the reactions 
which form acetylene (R415) and benzene (R505). Along with acetylene, benzene is a 
well-known soot precursor, therefore indicating that H2 promotes soot formation in the 
downstream secondary flame zone. This provides additional information to explain the 
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trends in acetylene under rich conditions (Figure 4-14). A high acetylene concentration 
corresponds to a region with significant amounts of H2, which decreases with decreasing 
H2 concentration.  
 
 
Figure 4-19. Rates-of-production for dominant reactions for H2. Positive direction indicates production. 
 
4.3.2.4 CO2 Reaction Pathway Analysis 
In both the PSR and PFR, the dominant channels in the reactions concerning CO2 are 
oxidation of CO by OH* (R18 and R19) and HO2* (R20), and the water-gas shift reaction 
(R21) (Figure 4-20). Unlike the reactions relevant to H2O, there are no pathways which 
decomposes CH4 to produce CO2 directly, all reactions proceed via CO as an intermediate. 
In the PSR, all these reactions consume CO to produce CO2, however in the PFR, under 
the conditions of maximum yield (φ = 2.8, XO₂ = 1), CO oxidation by OH* is reversed. 
The reverse rate in the PFR is the same magnitude as the forward rate in the PSR leading to 
a net rate of zero, in agreement with the concentration of CO2. Under lean conditions 
(φ = 2.0, XO₂ = 1), the yield of CO2 can be attributed to the oxidation of CO by OH* in the 
PSR, whereas under rich conditions (φ = 4.0, XO₂ = 1) the yield can be attributed to the 
water-gas shift reaction in both regions of the flame. This can be accounted for by the 
availability of oxygen. At leaner conditions, oxygen availability is high and the formation 
of CO2 is thermodynamically favoured over CO, whereas at rich conditions, the oxygen 
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has been incorporated into the thermodynamically favoured product of H2O, which then 
undergoes the water-gas shift by Le Chatelier’s principle.  
 
 
Figure 4-20. Rates-of-production for dominant reactions for CO2. Positive direction indicates production. 
 
4.3.2.5 CO Reaction Pathway Analysis 
It is difficult to obtain a clear understanding of the behaviour of CO without further 
analysis of the reaction intermediates, as a large number of channels have significant 
impact on the net ROP (Figure 4-21), nevertheless some generalised trends can be 
obtained. For the vast majority of the reactions, the PSR and PFR demonstrate the same 
tendencies, with the bulk of the channels considered resulting in production of CO. The 
dominant channel is decomposition of CH3CO (R178), with significant contribution by 
HCO* decomposition (R174), and OH* oxidation of soot precursors acetylene (R196) and 
benzene (R469). While the ROP clearly results in net production of CO, it is interesting to 
examine the channels responsible for CO destruction. The consumption reactions oxidise 
CO to form CO2 (R18, R19, R20 and R21). CO2 is not present in any of the production 
reactions, demonstrating that formation of CO2 is a product of CO production. With 
respect to the PSR, these reactions all result in CO destruction, however depending on the 
equivalence ratio, some of these reactions result in CO formation in the PFR.  
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Figure 4-21. Rates-of-production for dominant reactions for CO. Positive direction indicates production. 
 
4.3.2.6 C2H2 Reaction Pathway Analysis 
Eliminating soot formation is necessary for the design of a successful reformer. As 
acetylene production is used as a surrogate for soot formation, it is helpful to understand 
the reaction pathways which are important for acetylene, as a high concentration of 
acetylene correlates to high sooting conditions (Figure 4-22). Under lean conditions 
(φ = 2.0, XO₂ = 1), acetylene is not produced as there is sufficient oxygen to oxidise all of 
the methane to either CO or CO2. However, when the equivalence ratio is increased 
resulting in a reduction of available oxygen, reactions involving acetylene have significant 
rates. The PSR and PFR both contribute to the ROP of acetylene, with the same direction 
in each channel for each reactor. The dominant source of acetylene is from the 
decomposition of a C2 radical, C2H3* (R83), with some contribution from the H abstraction 
of H2 and H2O by C2H* (R415 and R416), and the reaction of C4H2 with H2 (R139). While 
C2H3* is generated by successive dehydrogenations from C2H6 to C2H4, further analysis of 
the reaction intermediates is beyond the scope of this study. At φ = 2.8, XO₂ = 1, the 
acetylene is almost completely consumed via OH* oxidation (R196 and R305), though 
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reaction with CH3* (R656) also contributes. Under very rich conditions (φ = 4.0, XO₂ = 1), 
reactions with CH3* become the dominant pathways (R92, R110 and R656) due to the 
reduced availability of oxygen, which then favours combination of CH3* to form C2H6, 
with some contribution via O2 oxidation in the PSR (R158 and R213). However, the 
reverse rates are outweighed by the forward rates, resulting in net acetylene formation. 
 
 
Figure 4-22. Rates-of-production for dominant reactions for C2H2. Positive direction indicates production. 
 
4.4 Summary 
A simplified reactor network representing the reaction zone of the multiport burner was 
created in ANSYS Chemkin and was used to simulate the effect of oxygen mole fraction in 
the oxidant, equivalence ratio and various diluents on the reactor output. The parameter 
space examined of φ = 2.0 to 4.0, XO₂ = 0.2 to 1.0 was expanded as compared with the 
CFD results, and the trends were analysed in more detail. As the parameter space for 
diluents was not expanded as compared with CFD, a detailed analysis of the effects of 
diluents is presented in Section 6.1.3. A region of maximum syngas yield and 
concentration was identified, which corresponds to about φ = 2.4 to 3.0, XO₂ = 0.75 to 1.0. 
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The maximum concentrations of CO and H2 are > 30 % and > 49 % respectively, with 
yields of > 87 % and > 73 %. The low nitrogen content of this region is advantageous for 
downstream processes as the cost of compression is therefore reduced. This intersects with 
a region of high conversion and low carbon dioxide and water production, though 
moderate amounts of acetylene are produced. In addition, the H2:CO ratio of 1.52 to 1.92 is 
less than 2, the optimum value for many downstream processes. To clarify the trends, a 
rates-of-production analysis was performed at three conditions which correspond to the 
locations of maximum complete oxidation products, maximum syngas yield, and 
maximum sooting condition. The values were extracted at the end of the calculation of the 
PSR, and at the end of the 70mm domain for the PFR. The total ROP demonstrates that CO 
and H2 have high production rates in both reactors, and while the CO2 and H2O are always 
produced in the PSR, under some conditions are consumed in the PFR. Comparing the 
magnitude of the ROP for each reactor also shows that the reaction rates are higher for the 
PSR as compared with the PFR, confirming that the hot primary flame zone represented by 
the PSR is characterised by fast reactions, while the downstream PFR consists of slow 
reforming reactions. A more detailed analysis of CH4, H2O, H2, CO2, CO and C2H2 species 
identified the major channels which led to these results.  
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5. Experimental 
Experimental investigation of a commercially-available multiport burner (Figure 5-1) was 
undertaken to validate the suitability of this configuration as a reactor for the production of 
hydrogen and syngas by thermal partial oxidation. This configuration addresses the low 
stability at the rich conditions required of other TPOX reactor designs. While multiport 
diffusion flame burners have been used for heat transfer applications, there are scarce 
studies which have investigated their use for the production of hydrogen and syngas, with 
only one found which used a Hencken burner operated at conditions far from those 
examined here (Wang et al. 2013; Wang et al. 2014; Wang et al. 2015). Results from this 
study will therefore consider the influence of the geometry and inlet composition on the 
performance of this reactor, which can then be used to optimise the burner design for 
syngas production. The investigation is limited to the secondary downstream zone which is 
the region of interest. The behaviour of this region is examined through temperature and 
species measurements, using a thermocouple and gas chromatography, respectively. While 
these techniques are invasive, they were chosen for their robustness, and ease of 
implementation and use.  
 
 
Figure 5-1. Experimental setup, including quartz probe for species measurements and wire gauze used to suppress 
flame flicker. The 3.0 mm OD ports are evenly distributed within a 1” × 1” area. 
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Detailed characterisation of the burner has been divided into several categories. The 2D 
reactor structure and reaction progression are examined through profiles taken 
perpendicular and parallel to the flow direction, respectively, and the influence on inlet 
composition is examined through parametric studies including equivalence ratio, oxygen 
mole fraction of the oxidant, and the impact of diluents in the fuel. 
 
5.1 Experimental Apparatus 
A schematic diagram of the experimental setup is shown in Figure 5-2. The stainless steel 
burner (Carlisle PK-1885-D, Catalogue number 13A105-0001) consists of 45 co-annular 
ports, arranged in a rectangular grid, within an area of 1 in2. This is located within a 
housing of 60 mm outer diameter. The cooling water is supplied and returned through 
stainless steel tubes ¼” in diameter, mounted on opposite sides of the burner. 
 
 
Figure 5-2. Schematic of apparatus. 
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Ambient air was dried and supplied at a constant pressure of 3.5 bar through 3/8” tubing. 
The flow rate was controlled by a calibrated mass flow controller (Burkert 8626 MFC Luft, 
50 SLPM). Oxygen was supplied at a constant pressure of 4.5 bar and mixed with the dry 
air in a 3/8” T-junction. The flow rate was controlled by a calibrated mass flow controller 
(Brooks 5850E, 5 SLPM). The oxidant mixture was then supplied to the oxidant port of the 
multiport burner where it was divided and delivered through 45 outer annular ports.  
 
Town natural gas was scrubbed of sulphur compounds and supplied at a constant pressure 
of 5 bar through 1/2” tubing. The flow rate was controlled by a calibrated mass flow 
controller (Brooks 5850E, 10 SLPM). This was supplied to the fuel port of the multiport 
burner where it was divided and delivered through 45 central ports, concentric with the 
oxidant ports. A manual emergency shut-off ball valve was connected upstream of the 
burner on the fuel line. For the parametric studies involving diluents of nitrogen and 
hydrogen, the nitrogen was supplied at a constant pressure of 7 bar and mixed with the 
natural gas in a 1/2” T-junction. The flow rate was controlled by a calibrated mass flow 
controller (Brooks 5850E, 5 SLPM). The hydrogen was supplied at a constant pressure of 
5 bar and mixed with the natural gas in a 1/2” T-junction. The flow rate was controlled by 
a calibrated mass flow controller (MKS 1179A, 500 SCCM). The shut-off solenoid valves 
on these lines allowed for isolation of these feed streams to permit testing of undiluted 
natural gas and fuel mixtures separately.  
 
The control box used for the Brooks mass flow controllers was an in-house design, while 
the MKS mass flow controller used an MKS Type 247 control box. Check valves 
(Swagelok, 1 psi cracking pressure) were mounted after each mass flow controller to 
prevent reverse flow. Solenoid shut off valves (Burkert AC10-Z3-6-PD53) were mounted 
on the natural gas, nitrogen and hydrogen feed lines. The digital control software (DCS) 
used to control the solenoid valves and air mass flow controller was a Yokogawa Centum 
CS3000 RS. The cooling water in and out temperatures were measured using 1 mm K-type 
(Ni-Cr/Ni-Al) thermocouples. A stainless steel wire gauze was placed approximately 
30 mm above the burner surface to prevent flame flicker. A rectangular hole was cut in the 
gauze, large enough for the central flame to pass through while dampening the outer sheath 
flame. 
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To examine the flame, two different probes were used, a quartz probe connected to a gas 
chromatograph (GC) (Varian CP4900) to determine the flame composition, and a magnesia 
coated S-type (Pt/Pt 90%-Rh 10%) thermocouple connected to a data logger (Hewlett 
Packard 34970A) for temperature measurements. Details of the probes and sampling 
systems are outlined below. 
 
5.2 Specification for Species Measurements 
A gas sample was extracted from the flame at a point of interest using an existing 0.11 mm 
ID quartz probe (Figure 5-3). Determination of the composition is restricted to stable 
species. Within this limitation, it is expected that this probe causes minimal disturbance to 
the composition of the flame allowing absolute and relative concentrations to be obtained. 
The end of the probe was bent through 90° so that it could be mounted vertically within the 
flame and parallel to the flow direction, thereby minimising disturbance to the flow. 
However, it has been determined by Cattolica et al. (1982) that due to the intrusion of the 
probe, the sample point is shifted 5 orifice diameters upstream. The probe tip diameter is 
1.3 mm, which is approximately a third of the spacing between ports. Therefore the probe 
tip is likely to impact gradients in the radial direction. This effect has not been quantified 
in this study and is left for future work. The air flow rate through the probe at 21°C was 
35 SCCM. 
 
 
Figure 5-3. Dimensions of quartz probe. 
 
3
 O
D
 
2
 I
D
 
3
3
 
0.11 orifice 
All dimensions 
in mm 
  
Not to scale 
8
 
165 
  
1.3 tip OD 
Page | 90 
 
The sample was first passed through a cold finger trap to remove the water, followed by a 
particulate filter (Headline filters 12-32-60K) to remove soot and any other particulates. 
Suction was provided by a diaphragm vacuum pump (Vacuubrand ME-2C) which passed 
the sample through a dryer (Perma Pure PD-50T-12MPS). The sample was then passed on 
to the GC (Varian CP4900) to determine the species concentrations on a dry basis 
(Figure 5-4). While the conditions which are conducive to high concentrations of syngas 
correspond to favourable conditions for soot generation, soot is not measured in this study 
as the focus of this research is to optimise operating parameters to minimise its formation, 
while maximising the production of syngas, since soot is detrimental for downstream 
processes. Due to the soot production, the probe orifice was subject to clogging. This was 
cleaned by using a lean flame to oxidise the deposit.  
 
The probe was connected to the 1/8” nylon sample line via a 1/8” PFA fitting. The fitting 
was mounted on a set of micrometers (Velmex Unislide A150902-S1.5) which provides 
accurate position control to 0.01 mm in the horizontal plane. Vertical control was achieved 
via an in-house designed micrometer which was accurate to 0.5 mm.  
 
 
Figure 5-4. Schematic of gas chromatograph sampling system. 
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The GC consists of two columns. Channel 1 was a molecular sieve 5A (MS5A) column 
which detected H2, O2, N2, CH4 and CO. Channel 2 was a PoraPLOT U (PPU) column 
which detected CH4, CO2, C2H2, C2H4 and C2H6. Column 2 is capable of detecting C3 
hydrocarbons but none were detected. The carrier gas was Argon grade 5.0 which allows 
accurate detection of hydrogen. The settings for each column and the retention times are 
detailed in Tables 5-1 and 5-2, respectively. The sensor for the GC is a thermal 
conductivity detector (TCD). The GC was calibrated by taking an average of 10 samples 
using several mixed gas cylinders, and cylinders of pure methane and nitrogen (Table 5-3). 
Argon (Sierra Smart-Trak, 1000 SCCM), was used to dilute the feed stream (Sierra 
Smart-Trak, 500 SCCM) for calibration. As CH4 is detected on both channels, it is used as 
an internal check on the consistency of the results. The composition of the natural gas fuel 
is shown in Table 5-4. 
 
Table 5-1. Gas chromatograph settings for each column. 
Setting Channel 1 (MS5A) Channel 2 (PPU) 
Sampling Frequency (Hz) 100 100 
Run Time (s) 180 180 
Injection Time (ms) 40 40 
Injection Temperature (°C) 110 110 
Column Oven Temperature (°C) 90 60 
Initial Pressure (kPa) 350 175 
 
Table 5-2. Gas chromatograph retention times for each column. 
 Retention Time (min) 
Channel 1 
 H2 
 O2 
 N2 
 CH4 
 CO 
 
0.75 
0.92 
1.08 
1.54 
1.81 
Channel 2 
 CH4 
 CO2 
 C2H4 
 C2H6 
 C2H2 
 
0.51 
0.64 
0.70 
0.76 
0.92 
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Table 5-3. Composition of mixed gas cylinders used for calibration. 
Source Composition (% mol) 
Mixture 1 H2 14.54  ± 2 % rel 
CO 15.41  ± 2 % rel 
CO2 14.83  ± 2 % rel 
C2H6 0.959  ± 2 % rel 
C2H4 2.92  ± 2 % rel 
C2H2 4.83  ± 2 % rel 
Ar balance 
Mixture 2 O2 2.20 ± 2 % rel 
He balance 
Methane CH4 99.995 
Nitrogen 
(from liquid) 
N2  100 
 
Table 5-4. Composition of natural gas. 
 Concentration (% mol) 
CH4 87.09 
C2H6 4.95 
CO2 4.44 
N2 3.53 
Total 100 
 
 
For each sample point, the GC was allowed to stabilise for 10 s before each run, followed 
by a 30 s injection. Every sample consisted of 7 runs for 180 s. The final value was taken 
as the average of the last 4 runs to ensure the system had been purged. The relative 
uncertainties of the measurement are detailed in Table 5-5.  
 
Table 5-5. Relative uncertainties in species concentration measurements. 
 Relative Uncertainty (%) 
Channel 1 
 H2 
 O2 
 N2 
 CH4 
 CO 
 
± 0.6 
± 2.7 
± 1.7 
± 3.2 
± 1.3 
Channel 2 
 CH4 
 CO2 
 C2H4 
 C2H6 
 C2H2 
 
± 1.5 
± 0.9 
± 1.2 
± 1.2 
± 1.2 
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5.3 Thermocouple Design and Specification 
For the temperature range required, a magnesia coated 0.97 mm bead diameter S-Type 
thermocouple (Pt/Pt 90%-Rh 10%) was selected to provide temperature measurements in 
the post flame zone. The maximum rated temperature for this thermocouple is 1823 K. To 
provide support and protect the thermocouple wires, it was mounted in a 2.6 mm OD 
double bore ceramic sheath. The dimensions are shown in Figure 5-5.  
 
 
Figure 5-5. Thermocouple dimensions. 
 
The thermocouple was mounted at 25° relative to the horizontal in the flame to reduce 
disturbance to the flow. A steeper angle could not be used as the thermocouple assembly 
would otherwise interfere with the wire gauze. Measurements were taken via an RS-232 
interface at 0.5 s intervals at 9600 baud. Flame temperature measurements were collected 
after the cooling water temperature had stabilised. Each sample point was collected for a 
minimum of 2.5 minutes. The final value was taken as the average of two runs. The 
measurement uncertainty based on these results is ± 13 K on average for the flame. 
 
The 1 mm K-type (Ni-Cr/Ni-Al) thermocouples used for measuring the cooling water inlet 
and outlet temperature were positioned approximately 60 mm from the surface of the 
burner within the water supply and return tubes. The measurement uncertainty 
corresponding to one standard deviation is ± 0.55 °C, based on multiple cooling water 
measurements.  
 
5.3.1 Sources of Error 
The temperature output of thermocouple measurements are subject to several sources of 
error. These can be categorised as chemical, thermal and aerodynamic (Heitor & Moreira 
1993). 
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5.3.1.1 Chemical Error 
The combination of environment and thermocouple material can result in the thermocouple 
material behaving catalytically. This results in heating on the thermocouple junction, 
leading to falsely high temperature readings, and slow response. Accounting for this effect 
post priori is challenging due to the difficulty in accurately determining the chemical 
composition of the environment the thermocouple is subjected to.  
 
In the rich conditions under investigation here, where the post flame environment consists 
of high concentrations of low oxidation state products, such as H2 and CO, it was 
discovered that the platinum based thermocouple was experiencing catalytic heating. This 
was determined by comparing the stabilisation response of a fine wire S-type thermocouple 
(0.2 mm wire diameter, 0.35 mm bead diameter) in a lean diffusion flame of φ = 0.3 where 
the post flame products consist primarily of CO2 and H2O, and a rich diffusion flame of 
φ = 2.5. From Figure 5-6, the thermocouple response to φ = 0.3 conditions shows an 
increase in temperature from ambient as the thermocouple was placed into the post flame 
region, with a stable temperature reading reached after approximately 30 s. For φ = 2.5 
conditions however, there is a rapid increase in temperature, followed by a long decay over 
5 minutes in the temperature profile. This profile is characteristic of a catalytic heating 
response of a thermocouple (Cookson et al. 1964). 
  
 
Figure 5-6. S-Type thermocouple response for (a) φ = 0.3, (b) φ = 2.5. Both use Vtot = 10 L/min, XO₂ = 0.4. Probe 
located 4 mm (3.3df) above the surface of the burner. The initial temperature rise is caused by moving the probe 
from ambient to the post flame region. The long decay in b) is characteristic of a catalytic heating response. 
 
  
a) b) 
φ = 0.3 φ = 2.5 
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As platinum based thermocouples of varying composition are the only type suitable for 
both the temperatures of interest and highly oxidising environment, a method of 
passivating the surface of the thermocouple junction was required. The coatings 
investigated and used in literature consist of various forms of ceramic. One of the first to 
be used was silica. However, this is only suitable up to a temperature of 1100°C. Above 
this temperature, silica is reduced by H2 and diffuses into the platinum, producing platinum 
silicide which degrades the wire (Kent 1970; Heitor & Moreira 1993). Concentrations of 
silica as low as 0.2% are enough to result in the production of platinum silicide (Kent 
1970). 
 
The next development was a mixture of beryllium oxide and yttrium oxide, which 
overcomes both of these issues. The coating is formed by dissolving 6-8% BeO in YtCl3 in 
concentrated hydrochloric acid and mixing until it forms a paste which has the consistency 
of a thin cream. This is painted on the thermocouple in a thin layer which is then fired over 
a Meker burner at approximately 1600°C. Several coats are applied until the thermocouple 
was sufficiently coated. In atmospheric flames, the coating was proven to produce stable 
readings for a temperature of 1500°C for 20 hours continuously (Kent 1970), though for 
low pressure flames this coating can result in significant temperature drift (Shandross et al. 
1991). However, BeO is highly toxic and carcinogenic, so an alternative is desirable. 
 
There have been a number of studies into alumina based coatings. Burton et al. (1992) 
investigated Ceramabond 569, a commercial alumina adhesive from Aremco. While 
acceptable performance was reported, this compound contains up to 30% silicate solution 
(Safety Data Sheet: Ceramabond 569 2015). In addition, the dipping process significantly 
increased the diameter of the junction, reducing the spatial sensitivity. More recently, 
Bahlawane et al. (2007) investigated an α-alumina based coating applied by chemical 
vapour deposition (CVD). Using AlCl3 as a precursor, they found that the resulting coating 
on a Type R thermocouple (Pt/Pt 87%-Rh 13%) not only prevented the catalytic behaviour, 
but increased the measurable temperature range due to the increase in emissivity and lack 
of catalytic reaction heating the probe. The resulting increase in surface area due to the 
coating was 6.9%. The coating was also found to be robust and well attached, with no 
temperature drift observed at low pressure for the measurement duration of a couple of 
hours. However, this application process is not as simple as the wet chemical process for 
the BeO-Yt2O3 coating, or that used by Burton et al. For example, the deposition is very 
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sensitive to the pressure used in the CVD chamber, however, the improved safety of this 
coating, in addition to its performance, is advantageous. 
 
Further investigation found that magnesia is the least likely to react with the platinum of 
the thermocouple (Ott & Raub 1976) and was therefore selected. A commercially-available 
formulation of magnesia (with some zirconia) (Contronics 919 Powder), which is designed 
for the purpose, was sourced for use. The powder was first ground in a ball mill (Retsch 
PM 400) before it was mixed with water as per the specification, which resulted in a finer 
paste. This was painted onto the bead using a fine paintbrush and cured in air at room 
temperature for a minimum of 24 hours. This resulted in increasing the diameter from 
0.62 mm to 0.97 mm. While this is a significant increase in surface area, the thermocouple 
is adequate for this system as discussed in Section 5.3.1.3. This coating successfully 
prevented catalytic reaction (Figure 5-7). 
 
 
Figure 5-7. MgO coated thermocouple response for φ = 2.5, Vtot = 10 L/min, XO₂ = 0.4. Probe located 4 mm (3.3df) 
above the surface of the burner. Initial spike is the probe passing through the outer sheath flame from ambient. 
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5.3.1.2 Thermal Error 
Since the thermocouple is in thermal equilibrium with the environment, the bead is subject 
to heat gain via convection and radiation from the flame and surroundings, and heat loss by 
conduction and radiation (Figure 5-8). This leads to the energy balance below, 
 
      +       +       = 0 (Equation 5-1) 
 
 
Figure 5-8. Heat balance of thermocouple junction. 
 
To simplify the correction, the junction temperature should be independent of the sheath 
temperature. It therefore follows that the conduction losses need to be minimised. The 
conduction loss from the bead depends primarily on its distance from the end of ceramic 
sheath, and the wire diameter, with negligible contribution from the size of the bead and 
flame velocity (Heitor & Moreira 1993). However, in the system under investigation, the 
outer sheath flame is significantly hotter than the central region of interest and can cause 
the thermocouple wire to melt or sag, or even burn through. Therefore the maximum length 
the thermocouple bead can project past the sheath was limited to ensure that the wires were 
not exposed to the outer sheath flame. A length of 8.5 mm was chosen as a compromise 
between minimising conduction loss and retaining the ability to position the thermocouple 
across a wide range of locations over the burner surface. By using a small diameter wire of 
0.127 mm, conduction losses for this system are negligible. The energy balance for the 
thermocouple therefore reduces to, 
 
      +       = 0 (Equation 5-2) 
 
  
Qrad 
Qconv 
Qcond 
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While a number of the species present radiate under combustion temperatures, the 
radiation gain from the flame and surroundings is commonly neglected because the gases 
are non-absorbing at the scale used, and the surroundings are too cold to radiate 
significantly back to the thermocouple. The equations for each term are therefore, 
 
      = −    ,   
  (Equation 5-3) 
       = ℎ   ,     −     (Equation 5-4) 
 
 where  As,j = surface area of bead (m
2) 
  hj = convection coefficient at Tf (W/m
2∙K) 
  Tf = flame temperature (K) 
  Tj = bead temperature (K) 
  ε = emissivity, 0.7 
  σ = Stefan-Boltzmann constant, 5.67×10-8 W/(m2∙K4) 
 
The convection coefficient is calculated from the Nusselt number relation for external flow 
over a sphere using the properties of air at the flame temperature (Incropera et al. 2007), 
 
     = 2 +  0.4   
   ⁄ + 0.06   
   ⁄     
 .   
 
  
 
   ⁄
 (Equation 5-5) 
 
 where  Nuj = Nusselt number 
  Prj = Prandtl number 
  Rej = Reynolds number 
  μ = viscosity at Tf (N∙s/m
2) 
  μs = viscosity at Tj (N∙s/m
2) 
 
It was observed that the magnesia coated thermocouple collected a layer of carbon in the 
form of graphite during testing. This affects the emissivity and hence the radiative losses. 
At the temperatures of interest, the emissivity of magnesia is 0.2, while for graphite it is a 
maximum of 0.8 (Table of Emissivity of Various Surfaces 2014). For a known junction 
temperature of 1270 K, the difference in corrected flame temperature was examined over 
this range (Figure 5-9). This resulted in an uncertainty ranging between 109 K and 390 K 
with respect to the junction temperature, for emissivities of 0.2 and 0.8. However, it is 
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more likely that the thermocouple has some graphite over the surface, therefore an 
emissivity of 0.7 was used.  
 
 
Figure 5-9. Effect of emissivity on thermocouple correction for a junction temperature of 1270 K. 
 
5.3.1.3 Aerodynamic Error 
As an intrusive sampling technique, use of a thermocouple obviously impacts the flow 
field. While this is minimised by mounting the probe at 25° to the horizontal, the tip causes 
a wake resulting in the location of the measured temperature being shifted downstream 
(Fristrom 1995; Skovorodko et al. 2011). This shift can be as much as 4 to 5 diameters of 
the bead (Skovorodko et al. 2011) but is most significant in regions of high gradient, such 
as the primary flame zone. In addition, if the flow field around the tip has a Mach number 
less than 0.1, the distortion caused by the probe is typically neglected (Heitor & Moreira 
1993; Ksandopulo & Kopylova 2004; Skovorodko et al. 2011). As the flow conditions of 
this flame meet this criterion, and temperature measurements are only obtained in the 
downstream region, which is characterised by small gradients in the axial direction, the 
distortion caused by the probe has been neglected. However, the thermocouple bead 
diameter is approximately 25 % of the spacing between ports. Therefore it is likely to 
impact gradients in the horizontal plane. This effect has not been quantified in this study 
and is left for future work. 
 
5.4 Preliminary Analysis 
To check the feasibility of this reactor for the production of syngas, a preliminary analysis 
of the burner was undertaken using conditions of φ = 3.0, Vtot = 10 L/min, XO₂ = 0.4 as a 
base case. The fuel consists of undiluted natural gas, while the oxidant uses enriched air. 
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This equivalence ratio lies well within the range of interest, and a mole fraction of oxygen 
of 0.4 in the oxidant results in well-formed flames without causing excessive heat within 
the burner. Measurements were taken at a point 14 mm (11.7df) above the surface of the 
burner (Table 5-6), which ensures that the composition and temperature profiles are 
uniform in the horizontal plane.  
 
Table 5-6. Temperature and concentrations on a dry basis at 14 mm (11.7df) above burner.  
φ = 3.0, Vtot = 10 L/min, XO₂ = 0.4. 
Temperature (K) 1685 
Concentration (% mol) 
H2 15.44 
O2 0.35 
N2 43.80 
CH4 15.73 
CO 12.29 
CO2 15.90 
C2H4 8.61 
C2H6 0.54 
C2H2 0.05 
 
The water concentration was accounted for using two methods. First, as N2 acts as a tracer, 
the global inlet N:O and N:H ratios were compared with the outlet values, and secondly, by 
assuming that the water-gas shift reaction is in partial equilibrium, as indicated by the CFD 
results in Section 3.3.6 (Table 5-7). Both methods show excellent agreement, though there 
is some deviation when using the N:O ratio. However, as the ratio method requires that all 
species diffuse equally, the partial equilibrium method was used as the preferred approach. 
 
Table 5-7. Calculated concentration of water (wet basis). 
 N:O N:H Water-Gas Shift 
H2O (% mol) 21.99 26.64 26.50 
 
Using the concentration of water from the water-gas shift reaction, the inlet and outlet 
ratios were compared for the other elements (Table 5-8). There is excellent agreement for 
all ratios excluding oxygen, and reasonably good correspondence for the ratios including 
oxygen. The deviation observed for the ratios including oxygen probably results from the 
inaccuracies in the estimation of the concentration of water since this species contains the 
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largest proportion of oxygen, while most of the hydrogen is included in the hydrocarbon 
species. 
 
Table 5-8. Comparison of inlet and outlet elemental ratios. Outlet taken at 14 mm (11.7df) above burner.  
φ = 3.0, Vtot = 10 L/min, XO₂ = 0.4. 
Inlet 
Outlet 
(incl. H2O) 
N:O 1.5 1.322 
N:H 0.5 0.501 
C:H 0.25 0.253 
C:O 0.75 0.667 
C:N 0.5 0.504 
 
Conversion and yield have been calculated based on the assumption that N2 is conserved. 
Using the ideal-gas relation, and the measured temperature, the molar flow rates for the 
inlet and outlet species were calculated as shown below. The conversion and yield 
calculations were then performed (Equations 5-6 to 5-14). 
 
For the inlet properties, 
  ̇  ,   =    ,  V  ,     (Equation 5-6) 
  ̇  ,   =
 ̇  ,  
  ,  
   (Equation 5-7) 
  ̇   ,   =
 ̇  ,      
   ,  
  (Equation 5-8) 
  ̇ ,   =  ̇   ,  X ,    (Equation 5-9) 
 
For the outlet properties, 
  ̇   ,    =
 ̇  ,  
   ,   
  (Equation 5-10) 
  ̇ ,    =  ̇   ,   X ,     (Equation 5-11) 
 
 Conversion =  
 ̇   ,    ̇   ,   
 ̇   ,  
  (Equation 5-12) 
 
As the yield depends on the limiting reagent, the calculation depends on the inlet ratio of 
fuel to oxygen. For methane partial oxidation, the critical value is 2. 
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For  ̇   ,  :  ̇  ,   ≤ 2, For  ̇   ,  :  ̇  ,   > 2, 
Yield CO =  
 ̇  ,   
 ̇   ,  
  (Equation 5-13 a) Yield CO =  
 ̇  ,   
2 ̇   ,  
  (Equation 5-13 b) 
Yield H  =  
 ̇  ,   
2 ̇   ,  
  (Equation 5-14 a) Yield H  =  
 ̇  ,   
4 ̇   ,  
  (Equation 5-14 b) 
 
where ṁ  = mass flow rate of species i (kg/s) 
 M ,   = molecular weight of N2 = 28 g/mol 
 ṅ  = molar flow rate of species i (mols/s) 
 ρ  ,   = density of N2 at 21°C = 1.161 kg/m
3 
 Vtot = total inlet volumetric flow rate through the burner (m
3/s) 
 V  ,   = volumetric flow rate in of N2 (m
3/s) 
 Xi = mole fraction of species i 
 
Comparing the measured temperature and composition with the adiabatic temperature and 
equilibrium composition shows a marked deviation (Table 5-9). The equilibrium results 
show higher conversion and concentration of syngas, accompanied by a lower temperature. 
The difference can probably be attributed to the diffusion configuration. As described in 
Section 2.4.2, the primary reaction zone has a local equivalence ratio of approximately 1.0 
irrespective of the inlet ratio of fuel to oxidant. As the primary reactions in the flame occur 
at effectively stoichiometric conditions, this causes a higher temperature and more 
complete combustion products. However the primary reaction zone has a very short 
residence time, therefore some of the methane passing through this zone remains unreacted 
and convects downstream. The equilibrium calculation is based on the actual rich 
equivalence ratio of 3.0 and hence results in a lower temperature and lower amounts of 
complete combustion products. These conditions result in a conversion of 0.64, and yields 
of CO and H2 of 0.28 and 0.18, respectively. This corresponds to an H2:CO ratio of 1.26, 
as compared with the theoretical value of 2 for the POX reaction.  
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Table 5-9. Comparison of parameters between equilibrium, experimental results and Arutyunov et al. (2014). The 
equilibrium results are calculated for φ = 3.0, XO₂ = 0.4, the experimental results are for φ = 3.0, Vtot = 10 L/min, 
XO₂ = 0.4.1 
 Equilibrium 
Experiment 
(wet basis)2 
Arutyunov et al. (2014) 
φ = 2.2 φ = 2.78 
Temperature (K) 1245 1685 - - 
H2 43.77 11.35 28.93 16.96 
H2O 6.22 26.5 - - 
CO 22.88 9.03 18.61 13.78 
CO2 2.12 6.33 3.97 3.46 
CH4 5.65×10
-3 11.56 6.75 17.76 
N2 25 32.2 - - 
O2 - 0.26 - - 
C2H4 - 0.39 - - 
C2H6 - 0.03 - - 
C2H2 - 2.35 - - 
H2:CO - 1.26 1.55 1.23 
1All species concentrations in % mol. 
2 Composition at 14 mm (11.7df) above burner. 
 
There has been one set of studies which investigated a multiport burner for syngas 
production to power a solid oxide fuel cell (Wang et al. 2013; Wang et al. 2014; Wang et 
al. 2015), however the focus has primarily been on premixed burners of various designs 
(such as Smith et al. 2013; Al-Hamamre & Al-Zoubi 2010; Loukou et al. 2012). Although 
the burner configuration deviates significantly, the concentrations have been compared 
with Arutyunov et al. (2014) as the conditions of Wang et al. are far from those 
investigated here. This study uses premixed fuel in a 3D porous matrix configuration with 
an oxygen mole fraction in the oxidant of 0.4. Values corresponding to the maximum 
concentrations, and those at a similar equivalence ratio, are shown in Table 5-9. It is 
evident that the preliminary values achieved for this base case are similar, validating this 
reactor concept.  
5.5 Axial Profile 
Increasing height corresponds with the progression of the reaction, therefore measurements 
in the axial direction provides information on the evolution of the reactions. The axial 
behaviour of the burner was determined by obtaining measurements between 3.5 to 14 mm 
(2.9df to 11.7df) above the burner surface. This range starts slightly above the hot, blue 
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primary flame zone and ends where all species gradients have diffused out. Measurements 
of species and temperature were taken separately with the relevant probes. Each probe was 
placed in line with the centreline of the central row of ports, and centred between two ports 
(Figure 5-10). This position shields the probe from the ambient environment and edge 
effects. The burner conditions used were that of the base case, φ = 3.0, Vtot = 10 L/min, 
XO₂ = 0.4. 
 
 
Figure 5-10. Probe position for sampling. Probe tip in line with centreline of central row of ports. 
 
There are very clear trends evident in the results (Figure 5-11). There is a decrease in 
temperature with increasing height of approximately 40 K. With respect to the species 
measurements, most species demonstrate decay in the concentration gradients with 
increasing height, which indicates that the reactions have effectively reached completion. 
The concentrations of CO and H2 increase in the downstream direction, with corresponding 
decreases in CH4, CO2 and H2O concentrations due to the reforming reactions, which 
favour syngas production in this region. The changes in the concentrations are mirrored in 
the trends of conversion, and yields of CO and H2. The H2:CO ratio demonstrates a slight 
increase with increasing height before dropping and stabilising at a value of 1.26. 
 
With respect to the C2 species, although the concentrations of both C2H6 and C2H4 are 
quite low, both decrease significantly over this range, with C2H6 demonstrating a steeper 
gradient at upstream positions in comparison with C2H4. While the patterns of decay are 
different, C2H6 follows the trend in CH4. It is interesting to note that the concentration of 
CH4 decreases linearly, rather than the decreasing rate of decay experienced by most of the 
other species, except for 14 mm where the concentration increases. Unlike the other C2 
species, C2H2 both has significant concentration and increases as the reaction proceeds. It 
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is formed from successive dehydrogenations starting with ethane, and proceeds through 
ethylene before resulting in acetylene. This sequence also contributes to the final amount 
of H2, and to CO, H2O and CO2 through the water-gas shift reaction. Acetylene is not the 
final product from this sequence however, as some of it goes on to form soot, which is 
evident in this flame, both from the yellow luminous appearance, and from deposition of 
soot on both probes used. 
 
Although under these conditions it is expected that all of the oxygen is consumed, there is 
some oxygen detected. While most of this is leakage of air into the sample line, it is 
possible that some of the supplied oxygen remains unreacted if the reaction has “frozen” 
due to low temperatures.  
 
The concentration of N2 changes negligibly throughout the downstream region. While N2 
reacts to produce some NOx species, these reactions are at the ppm level. Therefore under 
the current conditions, N2 is effectively an inert. Since it makes up a significant portion of 
the total composition, there is little change in its concentration as the change in the total 
number of moles of the other species is small.  
 
These results demonstrate that this configuration reaches both maximum product 
concentrations, and maximum conversion and yield, over a very short distance. For these 
conditions, this is at approximately 9 mm (7.5df) above the burner surface. It is therefore 
evident that residence time has little impact on the conversion and yield of syngas 
products. As a result, reformers based on a multiport burner arrangement have the potential 
to be made very compact.  
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Figure 5-11. Axial measurements of a) temperature, and concentration (wet basis) of b) fuel and partial oxidation 
products, c) complete oxidation products, d) minor species, e) N2 and O2, f) conversion and yield of CO and H2, 
and g) H2:CO ratio. φ = 3.0, Vtot = 10 L/min, XO₂ = 0.4. 
a) 
b) c) 
d) e) 
f) g) 
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5.6 Horizontal Profiles 
Results perpendicular to the flow direction reveal the structure of the downstream reaction 
zone, and tracks how the temperature and species gradients diffuse. Measurements were 
taken over 8 mm (6.7df) for equivalence ratios of 2.5 and 3.5. For each case, the total flow 
rate corresponds to 10 L/min through 45 ports, with an oxygen mole fraction in the oxidant 
of 0.4. This range includes approximately two and a quarter ports. The species were 
sampled at intervals of 0.25 mm to 0.5 mm, while the temperature was obtained by 
scanning across the ports in one continuous run, pausing at 0.25 mm intervals, with a dwell 
time of 5 s per point. The relevant probe was positioned on the centreline of the central 
ports. The probe heights are detailed in Table 5-10. These results are representative only as 
they were obtained on an existing burner of the same geometry which had been affected by 
overheating. While this affects the absolute composition, the reaction zone structure and 
gradients due to the diffusion arrangement can still be captured. In addition, the S-type 
thermocouple (0.2 mm wire diameter, 0.35 mm bead diameter) used for the temperature 
readings was uncoated and hence subject to catalytic heating. The species are therefore 
reported on a dry basis, and the temperatures have not been corrected for radiative heat 
loss.  
 
Table 5-10. Probe height above the surface of the burner for horizontal profiles. 
Equivalence Ratio 
Probe Height (mm) 
Species Temperature 
2.5 4, 6 4, 6 
3.5 4 4 
 
The effect of the burner geometry on the secondary reaction zone structure of both 
temperature and species is clearly visible. In addition, the results obtained for the two 
equivalence ratios demonstrate the same trends, with differences in the mean and 
amplitude of the profiles only. As the reaction proceeds, the profiles flatten due to 
diffusion of the species and temperature gradients (Figures 5-12 and 5-15).  
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 φ = 2.5 
 
Figure 5-12. Uncorrected temperature across the surface of the burner for φ = 2.5, Vtot = 10 L/min, XO₂ = 0.4. 
Height is measured from the burner surface. Corresponds to 8 mm travel. 5 s dwell time at 0.25 mm intervals. 
 
The troughs in the temperature profiles lie over the centre of the fuel ports, with the peaks 
centred between the ports. This agrees with the open tipped nature of the port anchored 
flames of the primary flame zone at these conditions, as the point between the ports is 
where the contours of maximum temperature intersect (Figure 5-13).  
 
 
Figure 5-13. Schematic of maximum temperature contours of open tipped flames. 
 
There are a number of interesting behaviours within the species profiles. For the conditions 
sampled, the H2 profiles are flat, indicating that the gradients have diffused out, varying 
only in magnitude. This is because H2 is very mobile due to its low mass, resulting in a 
much shorter diffusion timescale than the convection timescale. For all other species, 
diffusion is slower than convection, resulting in clearly defined peaks and troughs which 
are aligned with the ports of the burner.  
 
    Contours of max 
temperature 
Fuel 
Oxidant 
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Under the rich conditions examined, it is expected that all of the oxygen is consumed, 
however, O2 remains detectable in the experiments (Figure 5-14). For the leaner condition 
of φ = 2.5, the measured concentration across the burner surface is random, indicating that 
most of the detected oxygen is due to air leakage into the sampling line. However, for 
φ = 3.5, there is a distinct profile which corresponds to the locations of the burner ports. 
This indicates that some of the O2 remains unconverted. It is likely that under these 
conditions, the flame temperature is low enough to “freeze” the reaction before all of the 
oxygen can be consumed. 
 
 
  
Figure 5-14. Distribution of O2, dry basis. Vtot = 10 L/min, XO₂ = 0.4 for all cases. Height is measured from the 
burner surface. 
 
With respect to the structure, N2, CO, CO2 and C2H2 have a peak concentration between 
the ports, while CH4, C2H4, C2H6, and O2 have a maximum in-line with the centre of the 
fuel ports. As nitrogen does not participate in the reactions, its structure is simply 
determined by diffusion. Since N2 is supplied exclusively through the oxidant port, it 
follows that its peak should correspond to the location between the oxidant ports. Oxygen 
is also exclusively supplied through the oxidant port, therefore, in the hot primary flame 
zone, CO and CO2 can only form at the reaction interface between the fuel and oxidant 
streams. This interface is the location of maximum temperature and lies between the ports 
(Figure 5-13). With respect to C2H2, the chemical behaviour is more complex, however, 
one of the major routes of acetylene destruction is by CH3* attack (Section 4.3.2.6). 
Concentration of CH3* is highest over the fuel port since it is formed by H abstraction of 
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CH4, which is exclusively supplied via the fuel ports. This results in a depleted 
concentration of acetylene over the fuel ports, with a maximum concentration of methane. 
It follows that the peaks of C2H6 and C2H4 correspond to that of CH4, as ethane is produced 
by recombination of the CH3* radical, and ethylene results from dehydrogenation of 
ethane. O2 is interesting as while it is supplied through the oxidant ports, its peak is over 
the fuel ports. If the oxygen detected is due to “freezing” of the reaction due to the low 
temperatures which occur under very rich conditions, such that O2 passes through the 
reaction interface into the fuel rich zone, it therefore follows that the highest consumption 
of oxygen is in regions of high temperature, which occurs between the ports. 
Consequently, this would result in higher concentration over the fuel ports.  
 
The trends in mean concentration are in agreement with the axial profiles observed in 
Section 5.5, and the equivalence ratios in Section 5.7.1, though these results have been 
obtained at different conditions. These results demonstrate that the burner geometry causes 
gradients in both temperature and species in the downstream secondary flame zone, which 
then diffuse out. This structure is clearly due to the interaction of the multiple ports of the 
burner. Consequently, it is worth further investigation into how and to what extent the 
geometry influences the final product composition. The final uniformity in temperature and 
concentrations closely correlates to the location of maximum yield and conversion, and 
these features are beneficial for reactor design. 
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Figure 5-15. Distribution on a dry basis of a) CH4, b) H2, c) CO, d) CO2, e) C2H4, f) C2H6, g) C2H2, and h) N2. 
Vtot = 10 L/min, XO₂ = 0.4 for all cases. Height is measured from the burner surface. 
a) b) 
c) d) 
e) f) 
g) h) 
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5.7 Effect of Equivalence Ratio and Oxygen Mole Fraction in the Oxidant 
For these parametric tests, the flow rate was kept constant at 10 L/min through 45 ports of 
the burner. Four equivalence ratios of 2.5, 3.0, 3.5 and 4.0 were examined. Accurate 
measurements of temperature and concentration were obtained for an oxygen mole fraction 
of 0.4 in the oxidant only. The probe was positioned 7 mm (5.8df) above the burner 
surface, on the centreline of the central ports and between two ports as for the axial profile 
(Figure 5-10). Representative results including oxygen mole fractions of 0.5 and 0.6 were 
obtained on an existing burner of the same geometry which had been affected by 
overheating. While this is expected to affect the absolute composition, the relative 
influence on the diffusion flame composition is predicted to be consistent and hence 
provide representative results.  
 
5.7.1 Trends for XO₂= 0.4 
The results are plotted in Figure 5-16. The temperature reduces with increasing 
equivalence ratio due to the increase in unconverted methane. This is also seen as a 
decrease in conversion. The decreasing trend in conversion with increasing equivalence 
ratio corresponds to decreasing trends in the partial oxidation product concentrations and 
yields. While the H2:CO ratio does vary with equivalence ratio, the differences are slight, 
ranging between a minimum of 1.16 at φ = 4.0, and a maximum of 1.23 at φ = 3.0.  
 
Different trends are observed for the complete oxidation species. While H2O decreases 
with increasing equivalence ratio as expected with reduced conversion of CH4, CO2 
increases slightly. This difference in behaviour can be extrapolated from the reaction 
pathway analysis undertaken in Section 4.3.2. These thermodynamically favoured products 
are mainly formed in the primary reaction zone, however in the secondary downstream 
region, H2O is exclusively consumed. In contrast, the production of CO2 by oxidation of 
CO is favoured in this zone. This balance of formation and destruction therefore causes the 
concentration of CO2 to be fairly insensitive to the equivalence ratio.  
 
Of the C2 species, both ethane and ethylene increase with equivalence ratio, following the 
trend in methane, while acetylene decreases. The trend in acetylene can be attributed to the 
decrease in temperature with increasing equivalence ratio. Acetylene is the major precursor 
to soot formation which is dependent on the pyrolysis of the fuel. As fuel pyrolysis 
Page | 113 
 
becomes less favoured with decreasing temperature, there is less production of acetylene. 
The reduction of soot formation with increasing equivalence ratio was confirmed by 
observing that the rate of deposition of soot on the quartz probe during sampling was 
reduced at high equivalence ratios.  
 
As nitrogen is an inert species in this system, its concentration is mostly dependent on the 
amount supplied. This changes little across the equivalence ratios examined. In addition, as 
the concentration of nitrogen is quite high, and the total number of moles of the other 
species changes negligibly, this value is fairly insensitive to the equivalence ratio. The 
variability in the O2 concentration can mostly be attributed to air leakage into the sample 
line.  
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Figure 5-16. Effect of φ on a) temperature, and concentration (wet basis) of b) fuel and partial oxidation products, 
c) complete oxidation products, d) minor species, e) N2 and O2, f) conversion and yield of CO and H2, and 
g) H2:CO ratio. Vtot = 10 L/min, XO₂ = 0.4 for all cases, 7 mm above burner surface. 
a) 
b) c) 
d) e) 
f) g) 
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5.7.2 Trends with respect to Oxygen Mole Fraction 
Oxygen mole fractions in the oxidant of 0.4, 0.5 and 0.6 are compared qualitatively as 
these results were obtained from an existing burner of the same geometry which had been 
affected by overheating (Figures 5-17 and 5-18). The total flow rate was 10 L/min through 
45 ports, and the probe was placed at 7 mm (5.8df) above the burner surface. As 
temperature was not recorded, these results are quoted on a dry basis. 
 
With respect to equivalence ratio, the trends remain the same for all XO₂. An increase in the 
oxygen mole fraction increases production of H2, CO, CO2, and C2H2. This is in contrast 
with the results for CH4, which show that increasing oxygen mole fraction increases the 
amount of unconverted methane, although the effect is minimal. This behaviour can be 
accounted for by comparing the supplied methane with the remaining methane. For the 
same equivalence ratio, the inlet amount of methane increases with XO₂, however, final 
concentrations are very similar. This implies that the conversion increases with increasing 
XO₂, and hence results in higher concentrations of products species. The H2:CO ratio 
decreases with increasing XO₂, with a peak evident at phi = 3.0 for all conditions. This 
behaviour is unfavourable for downstream processes as many of them require an H2:CO 
ratio of 2.  
 
Regarding acetylene, the concentration is an indication of soot production. As the 
propensity to soot increases with increasing temperature, this indicates that increasing the 
oxygen mole fraction increases the temperature of the flame, as expected. For low 
equivalence ratios, the oxygen mole fraction has a negligible effect on the concentrations 
of C2H4 and C2H6. However, for φ = 4.0, when the oxygen mole fraction is increased from 
0.4 to 0.5, the concentrations of these species increase. Increasing the oxygen mole fraction 
further to 0.6 however, results in a decrease with respect to XO₂ = 0.5. This is likely an 
artefact of the low quality of the burner in conjunction with the low concentration of C2H4 
and C2H6 affecting the repeatability of the results. Nevertheless, it can be concluded that 
oxygen mole fraction has a larger effect on these species with increasing equivalence ratio.  
 
The scatter in the oxygen concentration indicates that these measurements are the result of 
air leakage into the sampling system. As mentioned above, the N2 mole fraction is 
primarily dependent on the supplied concentration. It therefore decreases as the oxygen 
mole fraction in the oxidant is increased. 
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Figure 5-17. Measurements on a dry basis of a) CH4, b) H2, c) CO, d) CO2, e) O2, f) N2, and g) H2:CO ratio. 
Vtot = 10 L/min, 7 mm above burner surface. 
a) b) 
c) d) 
e) f) 
g) 
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Figure 5-18. Measurements on a dry basis of a) C2H4, b) C2H6, and c) C2H2. Vtot = 10 L/min, 7 mm above burner 
surface. 
 
 
These results indicate that the oxygen mole fraction in the oxidant has a significant effect 
on the production of partial oxidation products, which increase with XO₂. As most 
downstream industrial processes require syngas at high pressure, this is advantageous as 
compressing a diluted feed stream is costly (Hu & Ruckenstein 2004). 
 
5.8 Effect of Fuel Dilution 
Using two equivalence ratios of 2.5 and 3.0, the effect of fuel dilution by N2 and H2 was 
examined (Figures 5-19 and 5-20). The flow rate for each stream was adjusted to maintain 
a total flow rate of 10 L/min for each case, and the oxygen mole fraction in the oxidant was 
0.4. The probe was positioned 7 mm (5.8df) above the burner surface, on the centreline of 
the central ports and between two ports, as for the axial profile (Figure 5-10). The dilution 
ratios are listed in Table 5-11. Nitrogen was selected as it is effectively an inert species 
within this system, and therefore behaves only as a thermal sink. Consequently, it is used 
to isolate the thermal effect of the diluents. Dilution by hydrogen represents recycling of 
a) b) 
c) 
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the product stream, and also affects the yield, concentration, and H2:CO ratio through the 
water-gas shift and reforming reactions. The equivalence ratio was calculated only on the 
base flame, without accounting for the fuel or oxidiser contributions of the diluents. For the 
cases using nitrogen as the diluent, while the balance of the oxidant for the base case is 
nitrogen, the dilution ratio was calculated based only on the additional nitrogen used to 
dilute the fuel.  
 
Table 5-11. Ratio of diluent added to the fuel stream. φ = 3.0, Vtot = 10 L/min, XO₂ = 0.4. 
Diluent Molar  
CH4:Diluent Ratio 
N2 3, 10 
H2 10 
 
For the three diluent cases examined, the impact of the diluent on most of the parameters 
of interest is the same for φ = 2.5 and 3.0. For both equivalence ratios, the measured 
temperatures lie within experimental uncertainty, therefore the temperature for all cases is 
the same as the base case. 
 
While the dilution ratio of 10 is low, corresponding to 3.2 % and 3.6 % for equivalence 
ratios of 2.5 and 3.0, respectively, based on the global inlet flow rate, there is noticeable 
impact on the species concentrations, conversion and yield. As compared with the relevant 
base case, dilution by H2 results in higher concentrations of H2O, CH4, C2H6 and C2H4, 
with decreases in conversion, H2 and H2 yield, CO and CO yield, CO2, C2H2 and N2. These 
trends lead to a number of conclusions. The additional hydrogen reduces the selectivity to 
H2 by promoting the formation of H2O. This is supported by the results of N2 dilution, as 
the same dilution ratio with respect to N2 results in a similar concentration reduction in H2, 
but has less effect on the H2 yield, and negligible impact on the H2O concentration. As the 
formation of H2O is promoted, it follows that there are decreases in CO2 and CO 
concentrations, and CO yield, as the oxygen is preferentially bound up in H2O. As 
expected, the increase in unconverted CH4 results in a decrease in conversion. 
 
Two different dilution ratios were examined for N2 to assess the impact of increasing 
diluent concentration. The ratios of 10 and 3 correspond to 3.2 % and 10 % for φ = 2.5, 
and 3.6 % and 11 % for φ = 3.0, based on the global inlet flow rate, respectively. For most 
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species, increasing the dilution increases the effect, with reductions in conversion, yield of 
H2, and all concentrations except for N2 and C2H6. As the concentration of N2 is mostly 
dependent on the supplied concentration, the behaviour of N2 can be simply attributed to 
the change in concentration due to the diluents. The impact of dilution on conversion is 
greater than on the CH4 concentration. This is because while the outlet methane 
concentration is very similar for both dilution ratios, the inlet concentrations are quite 
different, with a lower value for CH4:N2 = 3. This also accounts for the reduced 
concentration of the other species. However, the behaviour of C2H6 changes with different 
concentrations of N2, with the same trends for both equivalence ratios, though the effect is 
more pronounced at φ = 3.0. For CH4:N2 = 10, the concentration of C2H6 decreases, while 
for CH4:N2 = 3, the concentration is increased with respect to the base case. For CO2 and 
CO, the higher N2 dilution ratio results in comparable reductions in CO2 and CO 
concentrations as the low dilution ratio by H2, however N2 dilution at either concentration 
does not affect the CO yield. This provides additional confirmation that H2 has an effect on 
the chemistry. 
 
The concentration of C2H2 is reduced for both diluents, with larger reduction with 
increasing N2 dilution. While this possibly suggests that these diluents at these 
concentrations reduce the sooting tendency of the flame, there was negligible difference 
from visual observation. There are no apparent trends in the oxygen results, which can be 
attributed to air leakage into the sampling line.  
 
The H2:CO ratio is affected significantly by the introduction of diluents into the fuel 
stream. Dilution by hydrogen increases H2:CO the ratio with respect to the base case as 
while it negatively affects the concentration of H2, it has a more significant effect on the 
concentration of CO. A low concentration of nitrogen dilution has negligible effect on the 
ratio as while it decreases the concentrations of these species, the impact is comparable. 
This is not the case with the higher concentration of N2, which depresses the ratio due to a 
greater impact on H2 concentration in comparison with CO. 
 
These results demonstrate that while diluents have a significant effect on product 
composition, conversion and yield, there is negligible effect on the temperature. Of the two 
diluents examined, both H2 and N2 have a thermal effect, with H2 additionally 
demonstrating significant impact on the chemistry despite the low concentration used. 
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Whether the effect of diluents is desirable depends on the desired outcome. With respect to 
the focus of this research to maximise syngas production while minimising soot formation, 
hydrogen dilution has been demonstrated to affect not only the yield of the partial 
oxidation products but also the H2:CO ratio. Further research into various diluents and 
diluent concentrations is required to determine how to tailor the reactor products. 
 
φ = 2.5 
 
Figure 5-19. Effect of diluents on temperature and species (wet basis) for φ = 2.5, Vtot = 10 L/min, XO₂ = 0.4. 7 mm 
above burner surface. 
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φ = 3.0 
 
Figure 5-20. Effect of diluents on temperature and species (wet basis) for φ = 3.0, Vtot = 10 L/min, XO₂ = 0.4. 7 mm 
above burner surface. 
 
5.9 Summary 
The multiport burner geometry was validated for the production of hydrogen and syngas, 
with comparable performance to other thermal partial oxidation reactors despite the lack of 
optimisation. The reaction progression was analysed in detail using axial profiles. It was 
found that residence time was a minor factor on syngas production, with maximum 
conversion and yield achieved within a very short distance. The horizontal profiles 
revealed that the geometry creates a 2D temperature and composition structure within the 
secondary flame zone. These gradients diffuse fairly rapidly, resulting in a flat profile 
within a similar distance to the location of maximum conversion and yield. This allows for 
a very compact reactor design. The product composition is affected significantly by 
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equivalence ratio, oxygen mole fraction in the oxidant, and fuel dilution. This indicates a 
viable method of controlling the yield and H2:CO ratio. For the cases examined, the 
maximum conversion of 0.72, corresponding to maximum yields of CO and H2 of 0.37 and 
0.22 respectively, occurs at φ = 2.5, XO₂ = 0.4, Vtot = 10 L/min. Further work is required to 
assess the impact of the geometry on the final output of this reactor concept, and to 
optimise the production of hydrogen and syngas, while minimising the formation of soot. 
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6. Comparison of Methodologies 
Three different methodologies were used to examine the behaviour of partial oxidation of 
methane over a multiport burner. These consisted of two numerical models, and 
experimental results which are used for validation. Each of these methodologies has 
different advantages and limitations, and therefore assists in different aspects of both 
detailed design and exploration of the behaviour of the reactor. The first numerical model 
is a computational fluid dynamics model. This type of simulation is able to accurately 
predict the details of the experimental system, and therefore can be used to explore 
parameters that are expensive and difficult to examine experimentally. However it is only 
of use once validated. The second model consists of a reactor network which uses simple 
models to simulate the chemical kinetics. This model cannot capture the effects of 
geometry and flow characteristics, however it is computationally efficient, allowing a large 
number of simulations to be performed within a very short time period. Therefore these 
methodologies are compared to determine their efficacy in assisting with developing an 
understanding of this system, and for reactor design. 
 
6.1 Computational Fluid Dynamics versus Chemical Kinetics Modelling 
As the reaction zone of the multiport burner is subject to diffusion and other fluid dynamic 
effects, which are coupled to complex chemical kinetics, a simplified computational fluid 
dynamics model was initially examined in Chapter 3 using ANSYS Fluent 
(www.ansys.com). This used a 2D axisymmetric slice of a single port as the unit cell. 
While CFD can accurately model the effects of geometry and coupled reactions, it takes 
several hours to reach a converged solution. Furthermore, a 3D model will be required to 
fully explore the impact of geometry on the reactor performance, which will increase the 
computation time dramatically. In addition, it is difficult to extract the details of the 
chemical kinetics which are used to understand the behaviour of the system. Therefore, 
before undertaking these detailed calculations, it is beneficial to develop a more efficient 
approach to optimise the parameters for values of interest.  
 
As discussed in Section 3.3.7, an analysis of the solution revealed that the reaction zone 
could be broken down into a reactor network consisting of simple reactor models 
(Figure 6-1) and simulated with dedicated chemical kinetics modelling software, which 
decouples the fluid dynamics from the chemical kinetics, resulting in a reduction of 
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computation time to several seconds. This simulation was described in Chapter 4 and uses 
ANSYS Chemkin (Kee et al. 2016). While this approach cannot capture some features, 
such as the burner geometry, it is possible to examine the impact of gas composition. This 
approach also has the advantage that the reaction pathways can be easily explored. To 
validate this approach, both zones were compared to the CFD data for a base case, and the 
results at the outlet were compared for parametric studies examining the effect of oxygen 
mole fraction in the oxidant, equivalence ratio, and several diluents with varying 
concentrations.   
 
 
Figure 6-1. Relationship of a) CFD model to b) simplified chemical kinetics model. 
 
6.1.1 Base Case 
The base case conditions and geometry are listed in Table 6-1. To compare the results of 
the hot primary flame zone with the PSR, values from the CFD model are taken as the 
average over the region from the burner outlet to 14 mm downstream, as after this point 
gradients in the radial direction vanish. For the secondary flame zone, values are averaged 
at the outlet of the domain and compared with the outlet of the PFR. The residence time for 
the downstream region for the CFD case is calculated using the average velocity over the 
56 mm length of the downstream domain. 70 mm was selected for the PFR for the 
chemical kinetics cases as this yields approximately the same residence time.  
 
Outlet Inlet PSR PFR
a) 
b) 
Hot Primary 
Flame Zone
Downstream Secondary 
Flame Zone
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Table 6-1. Boundary conditions and geometry for base case. 
Parameter CFD 
Chemical 
Kinetics 
Equivalence Ratio 3.0 
Inlet Composition Fuel: XCH4 = 1.0 
Oxidant: XO2 = 0.4, XN2  = 0.6 
Flow Boundary Conditions  
(equivalent to 10 L/min through 45 ports) 
Fuel Inlet:  ⃗ = 1.28 m/s 3.703 cm3/s 
Oxidant Inlet:  ⃗ = 0.42 m/s 
Temperature (K) 294.15 300 
Diameter (mm) 3.8 
Downstream Length (mm) 56 70 
 
While it is the output of the second reactor which is of interest, this is dependent on the 
accuracy of the upstream primary reactor which feeds into the downstream zone. In this 
upstream reactor, the major difference between these two models is the reactor volume 
(Table 6-3). For the chemical kinetics model, although the actual volume from the CFD led 
to reaction for this base case (Case 2), this volume was not used as the reaction could not 
be ignited at rich equivalence ratios and low oxygen mole fractions in the oxidant for the 
parametric cases. Therefore the volume was calculated to give a residence time of 3 s 
(Case 1) which provides sufficient time for reaction initiation under all conditions. Under a 
diffusion configuration, these mixtures are flammable, however the PSR behaves as a 
premixed reactor, and this part of the domain is outside the flammability limits due to very 
low radical generation and reaction rates.  
 
To assess the impact of increasing the reactor volume, both of these chemical kinetics 
cases are compared (Table 6-2). The percentage difference is calculated with respect to 
Case 1. The difference in final temperature of the PSR between these two chemical 
kinetics cases is negligible, with a difference of 32 K cooler, or 2% for Case 2. In terms of 
composition, the largest impact is on O2, C2H4 and C2H6 species, which are the species 
with the lowest concentration, as a small change leads to a proportionally large difference. 
For the remaining species, the order of magnitude remains the same. In terms of the 
relative magnitudes, the relationship between H2 and H2O is reversed, however all other 
species follow the same pattern between these two cases (Figure 6-2).  
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Table 6-2. Comparison of reactor volume of PSR. 
Parameter 
Case 1 Case 2 Difference relative 
to Case 1 (%) Residence Time = 3 s CFD Volume 
Temperature (K) 1533 1565 2.09 
Volume (cm3) 75.74 0.1591 4.75×104 
Composition 
(mole fraction) 
CH4 0.0388 0.0882 127.52 
O2 3.54×10
-4 0.0253 ~7000 
CO 0.1714 0.1113 -35.08 
CO2 0.0285 0.0205 -28.09 
H2 0.3168 0.1771 -44.09 
H2O 0.1457 0.2196 50.68 
C2H2 0.0144 0.0230 59.74 
C2H4 8.70×10
-4 0.0097 ~1000 
C2H6 1.25×10
-5 0.0011 ~8900 
N2 0.2811 0.3173 12.87 
 
 
Figure 6-2. Relative magnitudes of mole fractions of species of interest for the hot primary flame zone (CFD) and 
PSR. 
 
A comparison of Cases 1 and 2 with the CFD results for the PSR is tabulated in Table 6-3. 
The percentage difference is calculated with respect to the CFD results. Overall, the PSR 
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over predicts the concentration of partial oxidation products, with a corresponding under 
prediction of the complete oxidation and C2 species. As before, the largest differences are 
in the concentrations of O2, C2H4 and C2H6 species, although the differences between the 
results are moderately large across all output values. In comparison with Cases 1 and 2, the 
CFD results are more closely matched with Case 2, in both the trends of the relative 
magnitudes and actual values. However, the order of magnitude for all three cases agree 
very well (Figure 6-2), with minimal differences in the trends indicating that although the 
average composition of the CFD results is not precisely predicted, and Case 2 is more 
representative of the CFD results, Case 1 is a reasonably good estimate.  
 
Table 6-3. Comparison of results between the hot primary flame zone (CFD) and PSR. 
Parameter CFD 
Chemical Kinetics Difference relative to CFD (%) 
Case 1 Case 2 Case 1 Case 2 
Temperature (K) 1710 1533 1565 -10.32 -8.45 
Volume (cm3) 0.1591 75.74 0.1591 - - 
Composition 
(mole fraction) 
CH4 0.1100 0.0388 0.0882 -64.76 -19.82 
O2 0.0054 3.54×10
-4 0.0253 -93.40 370.71 
CO 0.0998 0.1714 0.1113 71.63 11.43 
CO2 0.0376 0.0285 0.0205 -24.18 -45.48 
H2 0.1873 0.3168 0.1771 69.14 -5.44 
H2O 0.2188 0.1457 0.2196 -33.40 0.35 
C2H2 0.0268 0.0144 0.0230 -46.18 -14.03 
C2H4 3.49×10
-3 8.70×10-4 0.0097 -75.07 178.35 
C2H6 2.99×10
-4 1.25×10-5 0.0011 -95.84 273.77 
N2 0.3040 0.2811 0.3173 -7.54 4.36 
 
Comparing the effect of the PSR on the downstream for Cases 1 and 2 with respect to the 
CFD results (Table 6-4), it is evident that the magnitudes of the differences are lower. This 
indicates that the results of the PFR can tolerate some inaccuracy in the upstream output of 
the PSR. In particular, close results are achieved for temperature and conversion for both 
cases. As for the upstream reactor, a comparison of the PFR for Cases 1 and 2 with the 
secondary downstream flame zone of the CFD results confirms that while Case 2 better 
approximates the CFD results, Case 1 provides adequate representation of the trends 
(Figures 6-3 and 6-4). The large difference in the concentration of O2 is due to its near zero 
value, otherwise there is excellent agreement in the order of magnitude for all output 
values. As the PSR over predicts the syngas concentration with respect to the CFD output, 
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this also results in over prediction at the end of the PFR, with corresponding decreases in 
the other relevant species.  
 
 
Figure 6-3. Conversion and yield for all cases for PFR. 
 
Assessing the accuracy of Case 1 in more detail, the concentration of CO is over predicted 
by a larger amount than H2, leading to corresponding inaccuracy in the yield for these 
species. In comparison to the CFD results, the relative magnitudes of these yields are 
reversed for Case 1 (Figure 6-3). This results in a falsely low H2:CO ratio. Therefore, 
depending on how the relative over prediction changes with composition, this parameter 
can be used to obtain representative trends, however the exact values are less informative. 
In addition, the under prediction of acetylene concentration is moderately large, since the 
longer residence time for the PSR results in further oxidation. However, it is of the same 
order of magnitude, and therefore this is of low concern as it is used simply as a measure 
of sooting tendency.  
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Figure 6-4. Relative magnitudes of mole fractions of species of interest for the downstream secondary flame zone 
(CFD) and PFR. 
 
Table 6-4. Comparison of results for downstream secondary flame zone (CFD) and PFR. 
Parameter CFD 
Chemical Kinetics Difference relative to CFD (%) 
Case 1 Case 2 Case 1 Case 2 
Temperature (K) 1596 1529 1597 -4.24 0.06 
Residence Time (s) 0.0251 0.0314 0.0319 25.29 27.15 
Velocity (m/s) 2.22 2.22 2.19 0.11 -1.38 
Composition 
(mole fraction) 
CH4 0.0351 0.0370 0.0333 5.27 -5.08 
O2 4.85×10
-12 2.47×10-6 4.76×10-11 5×107 ~880 
CO 0.1199 0.1718 0.1268 43.36 5.79 
CO2 0.0343 0.0285 0.0286 -16.68 -16.43 
H2 0.2622 0.3195 0.2606 21.85 -0.63 
H2O 0.2091 0.1450 0.2125 -30.65 1.65 
C2H2 0.0330 0.0147 0.0322 -55.39 -2.34 
C2H4 0.00097 8.46×10
-4 9.26×10-4 -12.48 -4.22 
C2H6 1.05×10
-5 8.22×10-6 9.53×10-6 -21.82 -9.36 
N2 0.2981 0.2804 0.2975 -5.93 -0.22 
Yield 
CO 0.401 0.613 0.426 52.76 6.27 
H2 0.439 0.570 0.438 29.83 -0.18 
Conversion 0.883 0.868 0.888 -1.62 0.62 
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In summary, while Case 2 results in smaller differences as compared with the CFD case, 
Case 1 is a reasonably good estimate and should approximate the behaviour adequately. 
Furthermore, while the chemical kinetics model results in only a moderate approximation 
of the output of the primary flame zone, the correlation at the end of the reactor is fairly 
good. The difference in initial inlet temperature of 6 K has negligible impact on the reactor 
outlet for either Case 1 or 2. The main differences as compared with the CFD results are 
the over prediction of the concentration of the partial oxidation products, incorrect relative 
magnitude of the yields, and under prediction of acetylene. Adjustment of the model 
parameters, particularly of the PSR, may lead to a better approximation, but this 
configuration provides reasonable results. 
 
6.1.2 Parametric Cases – Oxygen Mole Fraction in Oxidant 
The CFD cases were compared with the corresponding chemical kinetics cases using the 
average values at the outlet of the second reactor. The cases considered are described in 
Table 6-5. Only temperature, CH4, CO, H2 and acetylene mole fractions, and conversion 
and yield are examined, as these are the main parameters of interest when assessing the 
performance of the reactor for optimum syngas production, with minimum soot generation. 
 
Table 6-5. Cases used for comparison to examine the effect of XO₂ and φ. 
 CFD Chemical Kinetics 
Oxidant 
XO2 φ XO2 φ 
0.4, 0.5, 0.6 2.5, 3.0, 3.5, 4.0 
0.4, 0.5, 0.6, 1.0 
2.5 ≤ φ ≤ 4.0 
Increments of 0.1 1.0 3.0 
Balance N2 
Fuel XCH4= 1.0 
Total Flow Rate Equivalent to 10 L/min through 45 ports 
 
6.1.2.1 Trends in Temperature, Mole Fractions, Conversion and Yield 
Comparison of the chemical kinetics results with the CFD data demonstrates that 
temperature, CH4, CO, and H2 concentrations, conversion, and yield of CO and H2 exhibit 
the same trends (Figures  6-5 and  6-6), though there are differences in the absolute values 
between the two approaches. 
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For each of the species, excluding CH4, and for conversion and yield, there is a peak in the 
profile of the chemical kinetics results between equivalence ratios of 2.5 and 3.0, which is 
not evident in the CFD. This can be attributed to the higher density of cases evaluated in 
this region, which better captures the profile.  
 
As discussed in Section 6.1.1, the concentrations of syngas products are over predicted by 
the chemical kinetics model, with a greater deviation with respect to the CFD for CO (10 – 
45 %) as compared with H2 (7 – 30 %), and corresponding behaviour in the yields of CO 
and H2. At rich conditions, the consumption of CH4 is overestimated, and consequently the 
amount of conversion, with differences in mole fraction with respect to the CFD of up to 
20 %. However, the inaccuracy in these values decreases with leaner conditions and higher 
oxygen content in the oxidant. Under these conditions, reaction rates are high, therefore 
reducing the dependence of the solution on the residence time of the PSR. The relative 
magnitude and gradients between curves of constant O2 mole fraction are very similar for 
both models.  
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Figure 6-5. Comparison of chemical kinetics with CFD at the outlet of the reactor for a) Temperature, b) CH4, 
c) CO and, d) H2. 
a) 
d) 
c) 
b) 
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Figure 6-6. Comparison of chemical kinetics with CFD at the outlet of the reactor for a) conversion, b) CO yield 
and c) H2 yield. 
 
6.1.2.2 Trends in Acetylene 
As expected from the results of the base case, the acetylene concentration is significantly 
under predicted by the chemical kinetics model with respect to the CFD results 
(Figure 6-7). Unlike the other parameters of interest, the solution has been shifted to richer 
conditions as well as to much lower mole fractions. Although the longer residence time of 
a) 
b) 
c) 
Page | 134 
 
the PSR results in more complete oxidation of acetylene, and the other C2 species, resulting 
in the under prediction, the reasons behind the shift with respect to equivalence ratio is 
unknown.  
 
 
Figure 6-7. Comparison of chemical kinetics with CFD at the outlet of the reactor for C2H2. 
 
Overall, when compared with the CFD data across the range of parameters examined, the 
chemical kinetics model provides excellent prediction in the behaviour of temperature, 
CH4, CO, and H2 concentrations, conversion, and yield of CO and H2 across both 
parameters of oxygen mole fraction and equivalence ratio. However, while the general 
behaviour of acetylene is captured with respect to oxygen mole fraction in the oxidant, care 
must be taken to account for the offset to richer conditions with respect to equivalence 
ratio.  
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6.1.3 Parametric Cases – Diluents 
Four diluents at various concentrations were examined to assess the impact on gas 
composition on the reactor output. The species considered were N2, H2, CO2, and H2O. For 
the CFD cases, the diluent was fed to both the oxidant and fuel streams, while for the 
chemical kinetics results, the diluents were mixed with the base inlet stream in the PSR. 
Conditions corresponding to φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4 was used as the base 
case, with the boundary conditions adjusted to maintain the total flow rate at 10 L/min 
through 45 ports. The equivalence ratio was calculated on the base flame without 
accounting for the contribution of the diluent. The base flame contains a mole fraction of 
nitrogen of 0.6 in the oxidant, and the CH4:N2 ratio is based only on the additional nitrogen 
(Table 6-6). Overall, the behaviour of the chemical kinetics model demonstrates the same 
behaviour as the CFD model, therefore only select parameters are discussed below. 
 
Table 6-6. Cases used for comparison to examine the effect of various diluents. For CFD, each diluent species was 
independently added to the fuel or oxidiser stream. Based on φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. 
 CFD Chemical Kinetics 
Molar CH4:Diluent 
Ratio 
Molar CH4:Diluent 
Ratio 
Oxidant Fuel  
D
il
ue
nt
 
N2 3, 5, 10 3, 5, 10 3, 5, 10 
H2 3, 5, 10 3, 5, 10 3, 5, 10 
CO2 10 10 10 
H2O 10 10 10 
Equivalent Ratio 3.0 
XO2  0.4 
Total Flow Rate Equivalent to 10 L/min through 45 ports 
 
6.1.3.1 Increasing Diluent Concentration 
It is evident that increasing the concentration of the diluent increases the impact on the 
reactor products for both models, irrespective of the diluent. With respect to the CFD data, 
the dilution by N2 and H2 has the same effect on the trend of the output when added to 
either the fuel or oxidant stream, for example the impact on temperature (Figure 6-8).  
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Figure 6-8. Comparison of temperature for a) CFD case, and b) chemical kinetics as compared with the undiluted 
base flame of φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. For CFD, labels indicate which stream has been diluted. 
 
6.1.3.2 Effect of Different Diluents at Fixed Concentration 
While there are differences in the absolute magnitude of the values between the CFD 
results and the chemical kinetics cases, the relative response of the system to the different 
diluents for a fixed dilution ratio, and the order of magnitude of the values, is the same 
across all parameters of interest. This is shown for temperature, yields of CO and H2, and 
C2H2 mole fraction (Figure 6-9). Therefore this model can be used to assess the effect of 
various diluents, relative to a reference case. 
 
a) b) 
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Figure 6-9. Comparison of chemical kinetics with CFD at the outlet of the reactor for CH4:Diluent = 10, For CFD, 
labels indicate which stream has been diluted. 
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6.1.3.3 Summary 
There are a number of differences between the CFD data and the chemical kinetics results. 
Of particular note, with respect to the CFD results, the production of acetylene is shifted to 
richer conditions. Overall however, examination of the response of the system validates 
that the reactor network used captures the important features, and provides a reasonable 
approximation of the behaviour of the reaction zone established by the multiport 
arrangement. The predictions can be used to obtain order of magnitude results for the 
absolute values of the parameters, and to identify a good starting guess for the optimum 
conditions for the production of syngas and hydrogen. 
 
6.2 Experimental Measurements versus Computational Fluid Dynamics 
A numerical model is of greatest value if it accurately represents reality. Undertaking 
detailed numerical modelling is advantageous because of the flexibility in manipulation of 
the parameters of the system, and the in-depth information available for analysis. This is 
particularly beneficial for parameters that are difficult or expensive to examine 
experimentally, such as variations in the geometry, including port size, shape and spacing, 
conditions which are difficult to manage safely, such as premixed reactant mixtures, and 
conditions which may damage the burner, such as the high temperatures associated with 
using pure oxygen as the oxidant. CFD is capable of accurately capturing the interactions 
of the chemistry and flow conditions, but this is dependent on the accuracy and validity of 
the inputs and assumptions. It is therefore necessary to validate the CFD results against 
experimental data. Once the model has been validated, it can be used as a predictive tool, 
and to provide detailed explanation for the behaviour of the system. 
 
The CFD model examined here uses a 2D axisymmetric slice of a single port as the unit 
cell, with a symmetry condition on the wall of the domain representing the interaction of 
adjacent ports. This approach is expected to provide a useful first approximation, though it 
will not account for the intricacies in the flow behaviour. The geometry, including port 
diameters and wall thicknesses, matches the dimensions of the burner used for 
experimental measurements. However, the geometry of the downstream region has a 
different area between the CFD and experimental results. The axisymmetric geometry of 
the CFD model results in a cylindrical region, while the rectilinearly arranged ports of the 
experimental burner has a tetragonal region (Figure 6-10). This results in a lower area for 
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the CFD model of 4/π and hence an increase in velocity, which shifts the solution 
downstream relative to the experimental measurements. This effect has not been taken into 
account in the values used for comparison as the gradients in the axial direction in this 
region are small. 
 
 
Figure 6-10. Downstream geometry of a) CFD model and, b) experimental burner. 
 
The material of the CFD model has been assumed as steel, rather than the stainless steel of 
the actual burner, however as per Section 3.4.3, the burner material has negligible impact 
on the solution. In addition, the heat removal by the cooling water has also not been 
accounted for. The inlet flow rates were matched to experiments. In terms of the 
compositions, the experiments used natural gas and enriched air, while the CFD used pure 
methane and an N2:O2 mixture for the fuel and oxidant, respectively (Table 6-7). The 
comparison between the experimental and numerical results was limited to the downstream 
secondary flame zone, accounting for the axial displacement in the measured profiles due 
to the probes as discussed in Chapter 5. 
 
  
    
 
a) b) 
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Table 6-7. Comparison of boundary conditions between CFD and experiments. 
 CFD Experimental 
Composition 
(% mole) 
Fuel 
CH4 100 CH4 87.09 
C2H6 4.95 
CO2 4.44 
N2 3.53 
Oxidant 
O2 40 
N2 60 
Air 75.95 
O2 24.05 
Total Flow Rate through 45 ports (L/min) 10 
Temperature (K) 294.15 294 
 
6.2.1 Preliminary Comparison 
An initial comparison was undertaken for a base case, at a position sufficiently far 
downstream for the gradients in the horizontal plane to have become flat. The inlet 
condition corresponds to an equivalence ratio of 3.0, with a mole fraction of oxygen in the 
oxidant of 0.4. The balance of the oxidant is made up of N2. The flow rate is equivalent to 
10 L/min through 45 ports. Experimental measurements were obtained at 14 mm above the 
surface of the burner, which corresponds to a height of 13.45 mm above the burner for the 
species concentrations in the CFD model, and 14 mm for temperature results. The CFD 
results were taken as the average across a plane at these locations.  
 
6.2.1.1 Temperature, Mole Fractions, Conversion and Yield 
The difference in the temperature measurements is 36 K, or 2 % with respect to the 
experimental results (Figure 6-11). Considering the temperature corrections required for 
the thermocouple measurements, and the uncertainties in the emissivity and measurements, 
this shows excellent correspondence and lies well within the experimental error of ~100 K. 
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Figure 6-11. Comparison of temperature results between CFD and experiments for φ = 3.0, Vtot = 10 L/min and 
XO₂ = 0.4. Taken at 14 mm above surface of the burner. 
 
While there is significant variation in the species concentrations (Table 6-8), the trends 
between the concentrations are the same for both methodologies. The differences can 
primarily be attributed to the variation in consumption of CH4. The CFD model over 
predicts the consumption of methane, resulting in higher amounts of H2 and CO, with a 
corresponding decrease in CO2 and H2O (Figure 6-12). The difference in downstream 
geometry between the CFD and experimental results only exacerbates the differences in 
the species concentrations as there is greater conversion further downstream. 
 
Table 6-8. Differences in species concentrations, yields, conversion and H2:CO ratio for the CFD and experimental 
results with respect to experimental measurements. 
Parameter CFD Experimental Difference (%) 
Composition  
(mole fraction) 
H2 23.25 11.35 104.90 
O2 6.76×10
-6 0.26 -100.00 
N2 30.41 32.20 -5.54 
CH4 5.20 11.56 -55.04 
CO 11.24 9.03 24.38 
CO2 3.65 6.33 -42.31 
C2H4 0.16 0.39 -60.25 
C2H6 2.86×10
-3 0.03 -91.58 
C2H2 3.49 2.35 48.77 
H2O 22.00 26.50 -16.97 
Yield 
CO 0.37 0.24 53.04 
H2 0.38 0.15 152.12 
Conversion 0.83 0.69 19.91 
H2:CO 2.07 1.26 64.74 
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The differences between the methodologies were calculated with respect to the 
experimental measurements. The results for all parameters are within the same order of 
magnitude, except for O2 and C2H6. These are the species with the lowest absolute 
concentration and therefore, a small change makes a proportionally large difference. There 
are also fairly large differences in the concentrations of CH4 and C2H4. The larger 
concentration of oxygen detected under experimental conditions can be attributed to air 
leakage into the sample line as discussed in Chapter 5. Ethane and ethylene follow the 
behaviour of methane. This is expected since C2H6 is primarily formed by recombination 
of CH3* radicals, which then produces C2H4 by dehydrogenation. The difference in N2 
concentration can be attributed to the difference in the total number of moles formed in the 
product, since it is essentially an inert species. This can be determined from considering 
the global reactions of complete oxidation and partial oxidation. The complete oxidation of 
CH4 causes no net change in the number of moles, while the partial oxidation reaction 
doubles the number of moles in the product with respect to the reactants. As the 
experimental results have higher concentrations of complete oxidation products, it follows 
that the total number of moles is lower than calculated for the CFD model, which results in 
a slightly higher N2 mole fraction. These differences in the methodologies are mirrored in 
the calculations of conversion, and yields of CO and H2 (Figure 6-13). The calculation over 
predicts the concentration of H2 more than CO, causing a higher H2:CO ratio for the CFD 
results in comparison with experimental measurements.  
 
  
 
 
Figure 6-12. Comparison of species concentration between CFD and experiments for φ = 3.0, Vtot = 10 L/min and 
XO₂ = 0.4. CFD at 13.45 mm and experimental at 14 mm above surface of the burner. 
a) b) 
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Figure 6-13. Comparison of a) conversion, yield, and b) H2:CO ratio between CFD and experiments for φ = 3.0, 
Vtot = 10 L/min and XO₂ = 0.4. CFD at 13.45 mm and experimental at 14 mm above surface of the burner. 
 
The experimental results used natural gas, as compared with the pure methane specified in 
the CFD model. To determine if the differences in product concentrations are due to the 
fuel composition, a CFD case was calculated using the natural gas composition. While this 
does affect the product composition, the differences are negligible (Figure 6-14). Therefore 
the variation in the fuel cannot account for the variation between the predicted and 
measured concentrations. This observation, in conjunction with the essentially flat 
gradients in the axial direction (Figure 6-15), demonstrates that the inaccuracies in the 
prediction lies within the primary flame zone. Although this is possibly due to inaccuracies 
of the chemical mechanism, it is more likely to be a result of inaccuracies in the calculation 
of the mixing rates. The CFD model assumes the flow is perfectly steady and symmetrical, 
while the experiments are subject to some instability, as evidenced by the requirement of 
using a wire gauze to dampen flame flicker oscillations. This affects the chemical 
composition and temperature, and hence impacts the chemical pathways. In addition, there 
may be some inaccuracies in the rate constants, the impact of which is exacerbated with 
increasing conversion. As the amount of conversion is fairly high for these conditions, this 
may be a contributing factor. The deviation is less likely to be a result of uncertainty in the 
probe position as the experimental results were measured between the ports where there is 
the greatest consumption of methane. The calculated heat transfer back to the burner from 
the CFD model was also not compared with the experimental results. The heat removed is 
likely to be lower for the CFD due to the smaller surface area available for heat transfer 
caused by the axisymmetric geometry (Figure 6-10). This potentially results in a higher 
temperature within the primary flame zone which would therefore favour consumption of 
b) a) 
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methane. The detailed reasons for the discrepancies are not examined further however, as 
this is beyond the scope of the investigation undertaken. 
 
 
 
 
Figure 6-14. Comparison of product composition between experiments and CFD using both pure methane and 
natural gas as fuel. φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. CFD at 13.45 mm and experimental at 14 mm above 
surface of the burner. 
 
 
Figure 6-15. Axial profiles along the symmetry boundary for CFD, and between the burner ports for experiments 
of H2O, H2, CO and CO2. 
a) b) 
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6.2.1.2 Partial Equilibrium and Selectivity 
The moderate difference in conversion makes it difficult to assess the similarity of the 
chemical pathways and behaviour between the CFD and experimental results. Therefore 
selectivities are calculated to decouple the product generation from the initial fuel 
pyrolysis. In this system, the methane is mostly converted into CO, CO2, C2H2, H2 and 
H2O. The benzene in the CFD results is an artefact of the lack of a mechanism to capture 
soot production. Overall, there are large differences between the CFD and experiments, 
with the preference for the complete oxidation products under predicted, an over prediction 
for H2, and the preferences for CO and C2H2 are fairly well matched (Table 6-9).  
 
Table 6-9. Comparison of selectivities between CFD and experiments. Based on φ = 3.0, Vtot = 10 L/min and 
XO₂ = 0.4. 
Selectivity CFD Experimental 
C balance 
CO 0.44 0.44 
CO2 0.14 0.31 
C2H2 0.28 0.23 
C6H6 0.098  
Sum 0.96 0.98 
H balance 
H2 0.46 0.27 
H2O 0.43 0.64 
C2H2 0.069 0.0568 
C6H6 0.025  
Sum 0.98 0.97 
 
Another tool for assessing the chemical behaviour is to examine whether selected reactions 
are in partial equilibrium. The calculation methodology is explained in Section 3.3.6. The 
reactions compared are listed below. As discussed in Sections 3.3.6 and 5.4, the water-gas 
shift reaction (Reaction 6-1) has been confirmed to be in partial equilibrium for the both 
the CFD and experimental results. For the experimental results, this relation is used to 
adjust the experimental concentrations to a wet basis, and these concentrations are then 
used for the partial equilibrium calculations. The partial equilibrium quotient, Q/Kp, 
depends both on the temperature and species concentrations. While there is little difference 
in temperature between the CFD and experimental measurements, there are significant 
Page | 146 
 
differences in the relative concentrations. Hence is it unsurprising that the quotient for 
most of the reactions vary significantly (Figure 6-16). From this result, along with 
Reaction 6-1, Reactions 6-3 and 6-5 are in partial equilibrium for the CFD results, while 
for the experimental results, all the reactions examined are in partial equilibrium. 
 
CO  + H  ⇌ CO + H O  .............................................................................. Reaction 6-1 
2CH ⇌ C H + H   .............................................................................. Reaction 6-2 
C H ⇌ C H + H   .............................................................................. Reaction 6-3 
2CH ⇌ C H + 2H   .............................................................................. Reaction 6-4 
C H ⇌ C H  + H   .............................................................................. Reaction 6-5 
2CH ⇌ C H  + 3H   .............................................................................. Reaction 6-6 
 C H ⇌ C H  + 2H   .............................................................................. Reaction 6-7 
 
These results confirm the conclusions from Section 6.2.1.1 that there are some significant 
differences in the chemical pathways within the primary flame zone between the CFD and 
experimental results.  
 
  
 
Figure 6-16. The partial equilibrium quotient for select reactions. Based on φ = 3.0, Vtot = 10 L/min and XO₂ = 0.4. 
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6.2.1.3 Summary 
Overall, the trends between the CFD and experimental results are reasonably good. 
However, although the two methodologies have results within the same order of 
magnitude, the absolute values of the results demonstrate quite a large deviation, 
precluding detailed quantitative comparisons of the downstream reaction zone structure, 
and minor changes in inlet composition. The discrepancy in product composition is most 
likely due to inaccuracies in the calculation of the mixing rates. Due to these inaccuracies, 
there is little benefit in comparing the axial and horizontal profiles in detail as it obvious 
that the general behaviour between methodologies is the same. However, there is value is 
confirming whether the CFD model captures the trends due to the major inlet composition 
changes of equivalence ratio, and oxygen mole fraction in the oxidant. As the 
concentrations of diluents used have a small effect, these results have also been excluded 
from comparison.  
 
6.2.2 Comparison of Equivalence Ratio and Oxygen Mole Fraction 
Four equivalence ratios of 2.5, 3.0, 3.5 and 4.0 were considered with three oxygen mole 
fractions of 0.4, 0.5, and 0.6 to determine the effect on the final product composition for 
both the CFD and experimental results. The total flow rate for each case was equivalent to 
10 L/min divided through 45 ports. The oxidant balance is N2. The experimental 
measurements were taken at 7 mm above the burner surface, with the probe centred 
between two ports, in line with the centreline of the central row of ports. At this height, 
there are gradients in temperature and composition in the horizontal direction, therefore the 
CFD results were extracted at the corresponding point. This is on the symmetry boundary, 
6.45 mm above the surface of the burner. These experimental results were obtained on an 
existing burner of the same geometry used for the preliminary comparison in Section 6.2.1, 
however this burner had been affected by overheating. While it is likely that the absolute 
composition is affected, the relative behaviour of the diffusion flame composition is 
expected to be consistent, especially as the comparison is restricted to a qualitative 
investigation. Temperature was not recorded for these cases, therefore the trends are 
compared on a dry basis for both methodologies. Only CH4, H2, CO, CO2 and C2H2 are 
examined, as these are the reactive species with significant concentrations. 
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As identified in Section 6.2.1, the consumption of CH4, and concentration of the syngas 
products are over predicted, with a corresponding under prediction of CO2
 (Figure 6-17). 
With respect to the impact of equivalence ratio, the trends in CH4, H2, CO, CO2, and 
acetylene concentrations for φ ≥ 3.0, are captured. However, at φ = 2.5, the concentration 
of acetylene as calculated in the CFD simulation is reversed and decreases, while the 
experimental measurements show an increasing trend as the inlet composition becomes 
leaner. The reasons for this behaviour is not apparent at the level of modelling undertaken 
in this study, however this may be due to the lack of a soot mechanism, since acetylene is 
the major precursor for soot production.  
 
With respect to oxygen mole fraction, the correlation of the trends between CFD and 
experiments varies with the species considered. While there is only a small difference in 
CH4 concentration with increasing XO₂ for both the CFD and experimental results, the 
trends are reversed between the two methodologies. Despite this, the trends for H2 and CO 
are well captured, although the CFD over predicts the improvement in H2 concentration 
with XO₂. The prediction of the CO2 concentration also deviates from the experimental 
measurements. The experimental results show a significant increase in concentration with 
increasing XO₂, while the CFD results indicate that CO2 concentration is independent of the 
oxygen mole fraction. The general trend for acetylene is also captured for φ ≥ 3.0, with the 
concentration increasing with XO₂ however, as with the H2 trend, the degree of increase is 
over predicted. For φ = 2.5, the trend deviates as mentioned above. 
 
Overall this confirms the preliminary assessment that while the general behaviour of the 
system is captured by the CFD model, there are significant differences in the chemical 
pathways between CFD and experiments. Before this model is of use for detailed design, 
understanding the reasons for the significant variation in behaviour between the two 
methodologies with respect to different inlet compositions is required. 
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Figure 6-17. Dry basis comparison between CFD (lines) and experiments (symbols) for various φ and XO₂. a) CH4, 
b) H2, c) CO, d) CO2, and e) C2H2. CFD at 6.45 mm and experimental at 7 mm above surface of the burner. 
 
6.3 Summary 
Two different numerical models were used to simulate the partial oxidation of methane 
over a multiport burner. The chemical kinetics model, which cannot capture the effects of 
geometry and flow characteristics, was compared with the CFD model, and was found to 
a) b) 
c) d) 
e) 
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capture the behaviour of the system with sufficient accuracy that it can be used to obtain a 
good starting guess for optimisation of the reactor for syngas production. This is 
advantageous since the chemical kinetics models is much more efficient, decreasing the 
time required to explore the impact of various composition parameters. The differences 
between these models can be mostly explained by the use of long residence times in the 
PSR representing the primary flame zone of the chemical kinetics model, since this permits 
the species to undergo a higher amount of oxidation as compared with the CFD.   
 
The CFD results were then validated against experimental data to ensure that the system 
behaviour is accurately captured. This comparison demonstrated that while the general 
behaviour, temperature, and relative trends between species were predicted by the CFD 
model, there are significant deviations in magnitude and chemical behaviour. This can 
primarily be attributed to inaccuracies in simulating the primary flame zone, likely as a 
result of errors in mixing rates, and errors in rate constants, which can be significant at the 
high amounts of conversion seen in this system.  
 
A qualitative comparison of the ability of the CFD to predict the trends in the experimental 
system with changes to inlet composition was also undertaken. This showed that the 
behaviour of the system with changes in equivalence ratio was well captured, except in 
acetylene concentrations at lean conditions. The impact of oxygen mole fraction in the 
oxidant was more varied however, with H2, CO and C2H2 at φ ≥ 3 well predicted, but 
significant deviations in CH4, CO2 and C2H2 concentrations at φ = 2.5. Further 
investigation into the primary flame zone to correct the CFD prediction is therefore 
required for the CFD model to be a useful quantitative design tool.  
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7. Conclusions and Recommendations 
In this thesis, the downstream reaction zone of the partial oxidation reaction of methane 
over a multiport burner was investigated using both numerical and experimental 
techniques. Two different numerical approaches were used to examine the reaction zone. 
These were a chemical kinetics model which used a network of simple reactors to capture 
the main features, while decoupling the reaction and flow behaviour to speed up the 
calculation, and a detailed computational fluid dynamics model which accounts for the 
interaction of the chemistry and flow characteristics. The experiments explored the 
parameters space and provided results to validate the numerical models.  
 
7.1 Conclusions 
A review of the literature identified that reforming of methane, particularly by steam 
methane reforming, is the primary source of hydrogen and syngas. As the demand for these 
products is increasing, this is likely to continue in the short to medium term. However, the 
SMR process has a number of disadvantages which the partial oxidation method addresses. 
While SMR is bulky and energy intensive, POX systems can be made more compact and 
are exothermic. Partial oxidation processes are not unknown in industry. For example, the 
catalytic pathway is used in the production of syngas, and the thermal pathway is used for 
acetylene production (Zhang et al. 2016). However, there are no commercial processes 
using thermal POX to manufacture syngas. 
 
The literature showed that while POX can be achieved catalytically, the noble metal 
catalysts are expensive, subject to poisoning by sulphur and soot, and suffer from sintering. 
The thermal method addresses these issues, but generally requires higher temperatures, and 
achieves lower yields. Most of the current research into thermal POX has focused on 
stabilising the premixed reaction at the rich conditions required for syngas production. 
While diffusion flames address this challenge, reaction occurs only in the thin mixing layer 
between the oxidant and fuel. Depending on the burner geometry, this can result in large 
amounts of unreacted reagents which do not pass through this reaction zone. Unlike other 
geometries, the multiport arrangement improves mixing while maintaining the laminar 
flow regime resulting in an easily scaled, highly controllable process. The only study 
which has investigated syngas production from a multiport burner did not optimise the 
parameters or investigate the chemistry since the focus was on the performance of the 
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downstream fuel cell powered by the POX reactor. This identified knowledge gap was 
investigated using a combination of experimental and numerical techniques to provide 
greater understanding of the chemistry and flow behaviour due to the interaction of the port 
anchored flames.  
 
As a first approximation, a 2D axisymmetric slice of a single port was studied using 
computational fluid dynamics. The inlet dimensions corresponded to the geometry of the 
commercially-available burner used in the experiments. A chemical mechanism validated 
for rich methane diffusion flames was used and verified against the literature. An initial 
analysis of a base case with the conditions of φ = 3.0, XO₂ = 0.4, Vtot = 10 L/min, identified 
the main characteristics of the reaction. The reaction zone consists of a hot primary flame 
zone which was an open tipped port anchored flame, followed by a cooler secondary flame 
zone characterised by slow reaction rates. Maximum conversion and yield was achieved 
within 30 mm (25df) of the burner surface indicating that a reformer using this 
configuration could be made very compact.  
 
The model was also used to examine the effects of a number of parameters which included 
equivalence ratio, oxygen mole fraction in the oxidant, diluents in both the fuel and 
oxidant, and the burner material. Equivalence ratios of 2.5, 3.0, 3.5, and 4.0, oxygen mole 
fractions of 0.4, 0.5, 0.6 and 1.0, and diluents of N2, H2, CO2 and H2O at concentrations 
corresponding to a CH4:diluent ratio of 10 for all species, and ratios of 3 and 5 for N2 and 
H2, were the boundary conditions used in these parametric cases. The total flow rate 
through the burner was kept constant at 10 L/min through 45 ports for all cases. The burner 
material was found to have negligible effect on the solution, while the final composition 
was significantly influenced by the change in inlet composition. In general, leaner 
conditions and higher oxygen mole fractions lead to higher concentrations of syngas, and 
higher conversion. The concentration of acetylene, used as an indicator of sooting 
tendency, also increased, except at φ = 2.5, where the concentration decreased and the 
trend with respect to XO₂ reversed. The reason for this change in trend was not apparent at 
the level of modelling undertaken in this study. This increase in product yield is 
advantageous for downstream applications as the cost of compression of a diluted feed 
stream is high, however the increase in soot production is detrimental.  
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As it is an inert, dilution by N2 isolated the thermal effects of diluents, while H2 represents 
product recycling, and CO2 and H2O participate in the reforming and water-gas shift 
reactions. Regardless of whether the diluent was added to the fuel or oxidant stream, the 
effect of the diluent on each parameter was the same though the magnitude varied. 
Increasing the diluent concentration increased the impact on the system. All of the diluents 
considered were found to reduce the temperature and conversion with respect to the base 
case of φ = 3.0, XO₂ = 0.4, Vtot = 10 L/min. The impact on the yields of CO and H2, and 
concentration of H2, H2O and C2H2 depended on the diluent. For nitrogen, all examined 
parameters were reduced as compared with the base case. Although the molar heat 
capacities of nitrogen and hydrogen are similar, the temperature is less impacted by 
hydrogen dilution since the oxidation of hydrogen is exothermic. CO2 and H2O have the 
most significant decrease on temperature since their molar heat capacities are significantly 
higher than N2 and H2, and they promote the endothermic reforming reactions. Dilution by 
H2 and H2O decreases the yield of H2. In the case of hydrogen dilution, this is because it 
promotes the production of water. Dilution by carbon dioxide improves the yield of CO 
through the water-gas shift reaction. With respect to acetylene and hence sooting tendency, 
H2 increases its concentration while the other diluents reduce it. Of the diluents examined, 
CO2 had the largest impact on the parameters. Overall, diluents were found to significantly 
affect the reaction and hence product output. Further investigation is required to explore 
the impact of various diluents for the purpose of maximising the production of syngas 
while reducing the formation of soot. 
 
An analysis of the CFD base case determined that the reaction zone could be divided into 
two regions. The first, close to the burner, was characterised by high temperatures and fast 
reaction rates, while the downstream region is a long section with slow reaction rates and 
negligible gradients in the radial direction. These characteristics correspond to the simple 
reactor models of a perfectly stirred reactor and plug flow reactor, respectively, and led to 
the development of a chemical kinetics reaction network model which could be simulated 
in seconds rather than hours. In comparison with the CFD results, the chemical kinetics 
model over-predicted the syngas concentration, with corresponding decreases in the 
complete oxidation products. In addition, CH4 consumption was over predicted, while 
C2H2 was under predicted. This behaviour can be attributed to the long residence times 
used in the PSR, required for reaction initiation under parameters studied, resulting in 
higher amounts of fuel pyrolysis and oxidation. The trends with respect to equivalence 
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ratio, oxygen mole fraction in the oxidant, and diluents were correctly captured. It was 
confirmed that this model adequately approximated the CFD results despite the decoupling 
of the geometric and flow characteristics from the chemical kinetics, and can be used to 
develop a good starting guess for the optimum conditions for the production of syngas and 
hydrogen.  
 
It is straightforward to examine the details of the chemical pathways in the chemical 
kinetics model, therefore a rates-of-production analysis for both reactors was undertaken at 
three conditions of φ = 2.0, XO₂ = 1, φ = 2.8, XO₂ = 1 and φ = 4.0, XO₂ = 1. These 
conditions correspond to maximums of complete oxidation products, syngas yield, and 
sooting condition, respectively. The ROP are higher in the PSR as compared with the PFR 
which confirms the initial analysis of the behaviour of the two zones of the flame. For all 
conditions, the net ROP for each species demonstrates that syngas production and methane 
consumption is favoured in both reactors, and the complete oxidation products are 
produced in the PSR. However in the PFR, while CO2 and H2O are produced at conditions 
of maximum complete oxidation products and sooting conditions, under conditions of 
maximum syngas yield, these are consumed. All of the oxygen is consumed in the PSR 
except at very rich conditions. A more detailed analysis of CH4, H2O, H2, CO2, CO and 
C2H2 species identified the major channels which led to these results. These were 
extrapolated to provide reasons for the system behaviour due to diluents. 
 
The experimental study used natural gas and enriched air, as opposed to pure methane and 
nitrogen diluted oxygen. The experimental measurements were only taken in the 
downstream secondary zone above the hot primary flame zone. As compared with other 
TPOX reactors, the multiport configuration produces comparable syngas concentrations, 
validating this potential reactor geometry for syngas production. Axial measurements 
revealed the progression of the reaction. As for the CFD results, these profiles were almost 
flat, demonstrating that the reaction had reached completion close to the burner surface. 
This indicates that a multiport POX reformer could be made very compact. The horizontal 
profiles revealed that the multiport geometry imparts a structure to the downstream region, 
however the gradients in species and temperature diffused out fairly rapidly. The height at 
which these gradients became flat corresponds to the distance downstream at which 
maximum conversion and yield were achieved. This suggests that this reactor geometry 
allows for accurate control of the reaction.  
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Parametric studies investigated the effects of equivalence ratio, oxygen mole fraction in the 
oxidant and fuel dilution. Measurements were taken at equivalence ratios of 2.5, 3.0, 3.5 
and 4.0, and oxygen mole fractions of 0.4, 0.5 and 0.6. The flow rate was kept constant at 
10 L/min through 45 ports. It was determined that each of these parameters significantly 
affected the product composition. It was found that syngas concentration, yield, 
conversion, and acetylene concentration increased with decreasing equivalence ratio. The 
C2’s followed the trend in methane, decreasing with equivalence ratio. With respect to 
increasing oxygen mole fraction in the oxidant, the concentration of acetylene and syngas 
were found to increase despite the slight increase in concentration of unconverted methane. 
The behaviour of CH4 can be accounted for by considering that the supplied methane 
concentration increases significantly with XO₂ while the unconverted CH4 at the end of the 
reaction increases only slightly. This implies that conversion has actually increased, which 
resulted in higher product formation.  
 
Nitrogen and hydrogen dilution of the fuel was also investigated. As mentioned above, 
dilution by N2 isolates the thermal effect of diluents, while hydrogen represents recycling 
of the product stream. Two CH4:diluent concentrations of 3 and 10 were investigated for 
N2 while only a ratio of 10 was examined for H2. These were compared with two base 
cases of φ = 2.5, XO₂ = 0.4, Vtot = 10 L/min and φ = 3.0, XO₂ = 0.4, Vtot = 10 L/min. The 
trends between the two sets of cases were the same. The uncertainty in the temperature 
measurements meant that the same temperature was measured with respect to the base case 
for all cases considered, however there were measurable differences in the product 
concentrations. Dilution by N2 decreased conversion, yield, and concentrations of the 
species of interest. In contrast, dilution by H2 affected the chemical behaviour of the 
system. It resulted in decreased conversion, H2, CO and CO2 concentrations, and H2 and 
CO yields. However, the concentration of H2O was increased, indicating that hydrogen 
dilution promotes the formation of water. This accounts for the decrease in CO and CO2 
concentrations as the amount of available oxygen is reduced. These results indicate that 
dilution is a viable method for controlling the yield and H2:CO ratio.  
 
Using the base case of φ = 3.0, XO₂ = 0.4, Vtot = 10 L/min, the experimental results were 
used to validate the CFD model. While the global trends were well predicted, there was 
significant deviation in the predicted concentrations. In particular both consumption of 
methane and the concentration of syngas products were over predicted, with corresponding 
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under predictions of the complete oxidation product concentrations. While the CFD used 
pure methane as the fuel and experiments used natural gas, an additional CFD simulation 
using natural gas as the fuel verified that the differences in the fuel composition does not 
account for the deviations in the products. This is attributed primarily to inaccuracies in the 
mixing rates of the primary flame zone. In addition, an examination of the selectivities, 
which decouples the amount of conversion from the chemical behaviour, and the 
equilibrium quotient for select reactions, demonstrated that the chemical pathways between 
the CFD and experimental results also did not agree.  
 
Due to the uncertainties in both the CFD and the experimental results, a comparison of the 
downstream structure was not performed as it was evident that the general behaviour was 
in agreement. However, a qualitative comparison of the impact of major inlet composition 
changes was undertaken to determine if the basic trends with respect to equivalence ratio 
and oxygen mole fraction in the oxidant were captured. Except for acetylene at the leanest 
condition of φ = 2.5, the behaviour of the system with changes in equivalence ratio was 
well captured. With respect to oxygen mole fraction however, there was more variation 
between the two methodologies. The trend in concentrations of CH4 and CO2 at all 
equivalence ratios examined, and for C2H2 at φ = 2.5, deviated significantly, however the 
trends in concentrations of H2 and CO for all equivalence ratios, and C2H2 for all of the 
richer conditions, were well predicted. The inaccuracies within the CFD model must be 
addressed before it can be used as a useful quantitative design tool. 
 
7.2 Recommendations for Future Work 
This work concentrated on investigating the system behaviour of the partial oxidation of 
methane over a multiport burner using various methodologies. However, there are a 
number of discrepancies and unresolved questions, particularly within and between the 
CFD results and experiments, which have not been addressed. These are listed below. 
 
 To ensure that the CFD model is a useful tool for analysis, for understanding of the 
interaction of the chemical and flow characteristics of the system, and for burner 
design, investigation and resolution of the inaccuracies in the calculation of the 
primary flame zone behaviour of the CFD model is required. 
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 As the reaction zone contains highly radiating species under conditions prone to 
sooting, it would be beneficial to include the effects of radiation, and a soot model, 
to assess what impact this has on the accuracy of the prediction.  
 It is important to fully explore the parameters which affect the system behaviour so 
that the optimum operating conditions can be identified. A number of parameters, 
such as total flow rate through the burner, were unable to be examined via CFD due 
to instabilities in the code available (ANSYS Fluent v17.0 and v17.2) which led to 
divergence when calculated. Many of these issues have been resolved in the current 
version of the CFD software (ANSYS Fluent v18).  
 The probes used for temperature and species measurements to obtain the 
experimental results had outer diameters of the same order as the fuel port 
diameter. As the impact of this, particularly in the horizontal direction, is unknown 
a CFD model to assess this would assist with the identification of data required for 
validation of the CFD model. 
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